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ABSTRACT

The main objective of this research was to exarttiedipolytic changes in triglyceride
and phospholipid as well as the incidence of geamresicle breakdown during IVM of heat-
stressed oocytes compared to non-stressed oocibethis end, cumulus-oocyte complexes
were matured for 0, 2, 4, 6 or 24 hIVM at 38.5 dr0&C (first 12 h only, then transferred to
38.5°C). Triglyceride and phospholipid levels d&sed by 2 hIVM (P = 0.0009 and P = 0.0005,
respectively) but remained fairly constant to 24M| lipid decline was not affected by
maturation temperature. Elevated maturation teatpeg hastened meiotic progression by 4
hIVM (P < 0.0001). Incidence of germinal vesicledkdown was associated, though not
directly related, to lipolytic changes in oocytiglyceride and phospholipid content(fR-
squared] = 0.2123 and P = 0.0036:7R0.2243 and P = 0.0026, respectively). Oocyt®AT
content was measured as an indirect indicatopofysis (i.e., mitochondrial fatty acpt
oxidation [beta-oxidation] of fatty acids freed ohg lipolysis of triglyceride/phospholipid for
ATP production). The ATP content of oocytes insexhduring IVM and was greater in heat-
stressed oocytes at 24 hIVM compared to controts Qf082). Levels of ATP were associated,
though not directly related, to changes in oocytgyiceride and phospholipid content(R
0.1086 and P = 0.01847R 0.1252 and P = 0.0096, respectively). In sunyiseat stress-
induced hastening of oocyte germinal vesicle breakdwas not directly explained by lipolytic

changes in triglycerides and phospholipids noribeyte ATP content.
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CHAPTER 1
INTRODUCTION

The impact of environmental heat stress on they daittle industry is both a present and
future concern. Economically, the US dairy catildustry incurs losses of almost one billion
dollars yearly due to production deficits resultirgm heat stress including decreased rate of
growth (West 2003), decreased milk production (i€pét al. 2008), and fertility (reviewed by
Rensis & Scaramuzzi 2003; St-Pieetal. 2003). Heat stress-induced decreases in fertiditye
been attributed to an unstable hyperthermic matemaronment, which may indirectly increase
embryonic loss or directly impact the oocyte (rexed by Rensis & Scaramuzzi 2003).
Edwards and Hansen (1996) determined that sonteeafdcreased fertility caused by heat-
induced hyperthermia when occurring during estrag siem from direct alterations to the
oocyte as it undergoes meiotic maturation in ptajpam for fertilization.

Although the mechanism(s) underlying heat-induysexdurbations occurring in the
oocyte after resumption of meiosis remain largeiglear, multiple studies reported that
exposure to a physiologically relevant heat sthestens this process. Specifically, heat-stressed
oocytes mature faster than non heat-stressed @ocB@umgartner and Chrisman (1981)
reported that a greater proportion of murine ocxytere classified as bicellular (i.e., evidence
of first polar body formation) after exposure tovimo heat stress. In a different study, murine
oocytes matured at an elevated temperature foor tsime period in vitro showed evidence of
accelerated germinal vesicle breakdown (GVBD; ktral. 2002). In the bovine, more heat-
stressed oocytes reached metaphase | (MI) by 8rhvitro maturation (hIVM) and metaphase
I (MIl) by 18 hIVM than did non-stressed oocyté&x(vardset al. 2005). Meiotic hastening

likely results in an aged oocyte at fertilizatiorhich may not be without consequence, as



Rispoli et al. (2011) showed that fertilizationazfed oocytes resulted in decreased blastocyst
development similar to that seen in heat-stressegltes. In support of this notion, insemination
of heat-stressed oocytes 4 to 6 h earlier imprdlastocyst development (Edwargtsal. 2005;
Schrocket al. 2007).

Although it is unclear what heat-induced mechafg$serve to hasten the onset of
meiotic maturation, in other cell types mild hypenmia exposure increases mitogen activated
protein kinase (MAPK) activity (reviewed by Paatkal. 2005). Interestingly, when Fissore et al.
(1996) microinjected bovine oocytes with M-mos gudint to activate MAPK, the incidence of
GVBD was higher. In addition to its role in pronmg meiotic maturation, MAPK is also well-
known for its role as a lipolytic driver in otheglttypes (Greenberg al. 2001; Jaworsket al.
2007). Furthermore, lipolytic activity is incredsi@a other cell types after exposure to elevated
temperatures. Specifically, upon trigger of insezhbody temperatures in Malignant
Hyperthermia-susceptible patients, fatty acid cotregion in muscle cell homogenates was
increased (Fletcher & Rosenberg 1986) most likeky t elevated triglyceride catabolism
(Fletcheret al. 1989). Research has shown that triglyceride oditab is actually an important
occurrence during bovine oocyte IVM. Triglycerickentent is significantly decreased (Ferguson
& Leese 1999; Kinet al. 2001) concurrent with increased lipase activitgt{€aet al. 2002;
Auclair et al. 2013) when comparing mature to immature bovine/tesc Furthermore, when
downstream lipid catabolism (fatty aglebxidation) is promoted, progression of nuclear
maturation and embryonic development is increasadgwed by Dunning & Robker 2012).

Depending upon the extent to which heat stressbraaltering MAPK or other
mechanisms to hasten GVBD, lipolysis may also tered within the bovine oocyte. As a first

step, we characterized the timing of GVBD withim &M system to determine repeatability



and timeline agreement with previous researchthérsecond study, changes in triglyceride and
phospholipid content were characterized duringydatM as an indirect measure of lipolysis to
allow for direct comparison with incidence of GVBBleat stress was applied in the third study
to assess the effects of elevated temperaturegbyceride and phospholipid changes in
association with incidence of GVBD during early IVNh a subset of oocytes, ATP content was
evaluated to serve as an indirect measure of ¢digidbolism in the oocyte (as mitochondria
utilize fatty acidB-oxidation as a means to fuel ATP production). tikemmore, when measured

at 24 hIVM ATP concentration is greater in heaessed oocytes (Nagle 2011).



CHAPTER 2
REVIEW OF LITERATURE

Introduction

The following is a literature review covering tmegact of heat stress on bovine
reproduction, focusing mostly on the effects oftretigess on the cumulus-oocyte complex
during meiotic maturation. In an attempt to det@erpotential alterations which could induce a
hastened nuclear maturation, this review also fe€ws oocyte lipid content, lipid catabolism,
and subsequent mitochondrial production of ATP.
Impacts of Environmental Heat Stress on the US Dayr Cattle Industry

The impact of environmental heat stress on they daittle industry is both a present and
future concern. Economically, the dairy industrgurs losses of approximately one billion
dollars yearly due to production deficits which ecduring the hot summer months experienced
in the southern region of the country (Rensis &&cauizzi 2003; St-Pierret al. 2003). Heat
stress effects on cattle production is also oftgreacern, as by year 2050 the consumption of
dairy products is expected to increase by 150 6828s the world’s human population is
predicted to expand by over three billion (McLe@d.2; U.S. Department of Agriculture 2012).

Cattle under the influence of heat stress expeeidryperthermia, influencing multiple
facets of production. In dairy cows, milk prodoctiis severely affected by increased
environmental temperatures; the average decreaségkiproduction is about 1,100 kg/cow/year
across the southern US (St-Piegtral. 2003). Reproduction efficiency of dairy cows draifers
under the influence of heat stress suffers ingbatial receptivity and overall fertility

coincidently decrease (reviewed by Hansen & Arezlig98; Drostt al. 1999). The pregnancy



rate of cattle is inversely related to ambient terapure, as rates are reduced by almost 20%
when environmental temperatures increase by 18\efved by Hansen & Arechiga 1998).
Oocyte Maturation and Early Embryo Development areAffected by Elevated Temperature

Some of the reproductive losses caused by heatssire. induced hyperthermia) may
stem from the alterations occurring during estwisch is when the oocyte resumes meiotic
maturation in preparation for fertilization (Putnetyal. 1989). Though fertilization rate was
unaffected, greater than 85% of embryos colleateh Superovulated heifers exposed to an
elevated ambient temperature sufficient to indugeehthermia for the first 10 hours of estrus
(during the period of oocyte maturation) were rd¢aror abnormal (Putneyal. 1989). Heat
stress seems to be able to impact the oocyte Wigsboth in vivo and in vitro matured oocytes
show incidence of decreased embryonic developmbatweat-stressed during meiotic
maturation. Specifically, Gendelman and Roth (3@l&served a 15% reduction in embryonic
development (assessed at 42 h and 7-8 d posiztgrtoh) from oocytes exposed to a
hyperthermic maternal environment during the sumonéo 41.2C for the first 16 hours of in
vitro maturation (hIVM). Decreased blastocyst degeent was also evident in bovine oocytes
exposed to 41°C for the first 12 hIVM, then cultured at 385thereafter compared to non-
stressed oocytes (Edwards & Hansen 1996, 1997;draeet al. 2004) similar to the in vivo
observations from Putney al. (1989).

Organelle arrangement and morphology are alteredcytes experiencing heat stress
during this pertinent 24 h maturation period. Whenine oocytes are incubated at 41.0°C for
the first 12 hIVM and 38.5°C for the second 12heré was a significant shift in cortical granule
type (Edward®t al. 2005). Heat-stressed oocytes may also expermhee organelle

alterations like those found in rat fibroblast selfter experiencing heat shock for 3 hours at 42



to 43°C (Welch & Suhan 1985). Specifically, helabcked cells contained fragmented Golgi,
swollen mitochondria, and alternatively arrangetbskeletal elements (Welch & Suhan 1985).

Transcript abundance may also be altered in oseytgured under heat stress
conditions, both in vivo and in vitro (Payton 20@endelman & Roth 2012). Payton (2009)
heat stressed bovine oocytes for the first 12 hidiM1.0°C (transferred them to 38.5°C for the
second 12 h), then completed a microarray anabjdise RNA present within those oocytes. A
multitude of transcripts significantly differed abundance between the two treatment groups
(control versus heat stress). As at least 21eddtaltered transcripts are important for proper
mitochondrial function, it would seem that heaes$ris capable of inducing mitochondrial
dysfunction within the bovine oocyte. The develemtal potential of oocytes is negatively
impacted when mitochondrial function is disruptétdquaset al. 2004; Takeuchet al. 2005).
After a mere 5 seconds of photoirradiation to irdmgtochondrial dysfunction, the percentage
of murine oocytes progressed to Ml after IVM wasikased by nearly 56% (Takeuehal.
2005). Blastocyst development was also decredsedbjout 20%) when mitochondrial
dysfunction was induced in murine oocytes by ajpikin of photoirradiation for 40 seconds
before fertilization (Thouasat al. 2004).

Oocytes that experience elevated temperaturesglareiotic maturation show evidence
of an accelerated progression to MIl. Approxima®&0% of murine oocytes from superovulated
mice exposed to heat stress conditions for 15ffeh RCG injection were classified as bicellular
(i.e. evidence of first polar body formation) comgxato only 15% from the control mice
(Baumgartner & Chrisman 1981). In vitro, when Katral. (2002) heat shocked murine oocytes
for 15 or 30 min at 4, greater than 20% had undergone GVBD (asseskedtér application

of heat shock) compared to 10% of control oocytedwards et al. (2005) observed a greater



proportion of heat-stressed bovine oocytes, matatdd.°C for the first 12 hIVM (then at
38.5°C for the second 12 h), reach the MI stageady as 8 hIVM compared to non-stressed
oocytes. Also, a greater proportion of heat-seescytes had undergone GVBD compared to
controls when assessed at 8 hIVM (Edwaatds. 2005). Furthermore, a greater proportion of
heat-stressed oocytes reached the Mll stage byM8 than did non-stressed oocytes (Edwards
et al. 2005). This hastening of maturation likely resuft aged oocytes at the time of
fertilization, which is not without consequenceertitization of non-stressed bovine oocytes
(matured at 38&) after 30 hIVM, effectively aging them by appnartely 6 h, reduced
blastocyst development similar to the reductioreobsd when heat-stressed oocytes (cultured at
41.0°C for the first 12 hIVM, then at 38G thereafter) are fertilized at the physiologically
relevant 24 hIVM (Rispoléet al. 2011). In support of this notion, Edwarsl. (2005) reported
that performing IVF 5 h earlier, at 19 hIVM insteafdat 24 hIVM, improved blastocyst
development of heat-stressed oocytes (matured.@Cifor the first 12 h, then at 38G
thereafter) from about 17% (IVF at 24 hIVM) to 2Z84F at 19 hIVM).
Lipid Content in Oocytes

The immature bovine oocyte contains approxima@lyg of lipid (Ferguson & Leese
1999). When bovine oocytes are viewed under bfiglt microscopy, the cytoplasm appears
dark due to the abundance of this lipid (Jeetrag. 2009; Barcelo-Fimbres & Seidel Jr 2011).
The amount of lipid in an oocyte is species speckioth porcine and ovine oocytes contain
more lipid than those of the bovine, averaging 2§089 ng, and 63 ng, respectively (McEwby
al. 2000). Though, the three most abundant fattysawigsich make up this lipid were the same
in oocytes of all three species — palmitic, oleitg stearic acids (McEvag al. 2000). In

contrast, murine oocytes contain smaller amountpiof such that quantification is difficult.



Lowenstein and Cohen (1964) reported the lipid @enof murine oocytes at approximately 4
ng.

Though the zona pellucida of an oocyte contaimseslipid, the majority of lipid is
housed within the oocyte’s cytoplasm in the forniigtl droplets (Kruipet al. 1983; Ferguson
& Leese 1999; Genicat al. 2005). These droplets are distributed throughtoeittoplasm, and
placement can vary between oocytes. An oocyteagued within a primordial follicle has only
a few droplets, but numerous more develop as tlieléocontinues growth to the tertiary stage
(Fairet al. 2007). Each of the droplets is chiefly neutratimarge due to a largely triglyceride-
based composition (McEvay al. 2000; Genicott al. 2005). Kim et al. (2001) reported
triglyceride at 57 pmol, cholesterol at 16 pmologpholipid at 15 pmol, and non-esterified fatty
acids at 11 pmol as the major fractions containgdimvlipid droplets in the immature bovine
oocyte.

Composition of Oocyte Lipid

Lipids, such as triglyceride and phospholipid, mwetabolically synthesized by cells
using various fatty acids with other molecules madgilable to the cell such as glycerol or
phosphate groups. The majority of the fatty aci@gsent in the bovine oocyte are saturated, and
there are four fatty acids which make up greatan 0% of the total fatty acid fraction
(Khandokeret al. 1997; McEvoyet al. 2000). The four most abundant fatty acids, asrdghed
by gas chromatography of immature bovine oocytd figactions, are palmitic, stearic, oleic,
and linoleic acids (Khandoket al. 1997; McEvoyet al. 2000; Lapéaet al. 2011).

These four fatty acids are also abundant in faldicfluid of follicles present on bovine
ovaries (Leroyet al. 2005; Aardemat al. 2013). Concentrations of both palmitic and linole

acid change during follicular growth (Homa & Brodf92; Bendeet al. 2010). Bender et al.



(2010) found palmitic acid concentrations to bengigantly greater in fluid from subordinate
follicles than dominant bovine follicles. Homa aBbwn (1992) reported linoleic acid
concentrations to be significantly greater in srballine ovarian follicles compared to large
follicles.

Supplementing in vitro maturation media with silaguor a mixture of, fatty acids
affects bovine oocyte developmental competencese&ehers found linoleic acid to negatively
impact bovine oocytes when supplemented in the raad;m media. Marei et al. (2010)
observed a significant decrease in cumulus cekesion along with impaired oocyte maturation
(specifically oocyte nuclear maturation to MIl) whieovine oocytes were matured in maturation
media supplemented with 50 pM, 100 uM and 200 dldic acid. When Homa and Brown
(1992) supplemented maturation media with 50 pMléit acid, they observed a significantly
decreased percentage of COCs to undergo germisiglesdreakdown (a very important step of
the oocyte nuclear maturation process). Homa aondiB (1992) suggested that linoleic acid
may be important for the maintenance of bovine t®ayeiotic arrest until the surrounding
follicle is selected for dominance since follicu@ncentrations of linoleic acid decrease as the
follicle becomes dominant (Maret al. 2010; Renavillest al. 2010).

Studies researching the effects of other fattgsaon oocyte maturation have been
performed. When bovine oocytes were matured inia&gpplemented with palmitic or stearic
acid, post-fertilization development was signifitgrlecreased compared with oocytes matured
in control media (Lerowt al. 2005; Aardemat al. 2011). Though palmitic and stearic acid
supplementation at 100, 250 or 500 uM did not stedecrease the ability of bovine oocytes to
mature to MII after 23 hIVM, it did decrease theamt of cumulus expansion during

maturation (Aardemet al. 2011). Supplementing maturation media with 10@ @5500 uM



oleic acid did not affect bovine oocyte maturatiorMIl or cleavage of embryos 5 days post
fertilization; however, the 500 uM concentratiod dicrease the proportion of blastocysts
developed from fertilized Mll-stage oocytes (Aardeghal. 2011). When maturation media is
supplemented with 50 uM linolenic acid, bovine desycontained greater concentrations of
CcAMPI after 3 hIVM and phosphorylated MAPK1/3 af@eand 6 hIVM (Maregt al. 2009).
Each of the aforementioned fatty acids and compsane considered to be promoting or
inhibiting factors for bovine oocyte maturation.
Changes in Lipid Content of Oocytes during In Vitro Maturation

The profile of intracellular lipid droplets chagjover bovine oocyte maturation,
specifically these droplets are degraded duringuration (Kruipet al. 1983). As triglyceride is
the major constituent of these lipid droplets, ksan and Leese (1999) utilized a dual-reagent
metabolic assay to measure triglyceride contebbwine oocytes (before IVM and after 24
hIVM) and even a variety of embryonic stages. Iurebovine oocytes contained 59 ng of
triglyceride, which decreased significantly aftdri8VM to 46 ng (Ferguson & Leese 1999).
Triglyceride content significantly decreased onagenwhen fertilized oocytes cleaved to 2-cells
(34 ng) before plateauing throughout the rest dbrgomnic development to the hatched
blastocyst stage (Ferguson & Leese 1999). Updizatton of a colorimetric triglyceride assay,
Kim et al. (2001) also reported immature bovineybes to contain more triglyceride than
oocytes matured for 24 hIVM (measuring 57.6 pmal 86.6 pmol, respectively). Though
triglyceride levels decreased in bovine oocytes B/, this lipid fraction was still the most
abundant in in vitro matured oocytes (Kétral. 2001). Furthermore, Auclagt al. (2013)
observed a decrease in bovine oocyte lipid coritent 0 to 24 hIVM when using a lipid-

specific fluorescent stain (Nile Red).
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As the triglyceride levels within bovine oocytesdaearly embryos decrease during
energetically taxing developmental stages, mamgareders theorize that it is being metabolized
to produce ATP (energy). Cetica et al. (2002) mted evidence for triglyceride metabolism in
immature and in vitro matured bovine oocytes amil tturrounding cumulus cells.
Measurement of the rate-limiting enzymes of glys@ythe pentose phosphate pathway, and
lipolysis (phosphofructokinase, G6PDH and lipasspectively) showed that while cumulus
cells are most capable of utilizing glucose asreerg@y source, the oocytes themselves are most
capable of utilizing lipid as an energy source {€2adt al. 2002). Not only was lipase activity
greater in oocytes than in cumulus cells, but sjpeactivity was significantly increased in
oocytes matured for 22—24 h compared to immatucgtes (Ceticat al. 2002). Though
Cetica’s research group did not try to determireeitlentity of the lipase(s) present in bovine
oocytes, Auclair et al. (2013) detected inactivenimine sensitive lipase in oocytes before and
after IVM for 22 h. The active (phosphorylated)ifoof hormone sensitive lipase was only
detected after IVM (Auclaiet al. 2013). At this time, it is unknown whether otlgoes of
lipase are present within the bovine oocyte.

Fatty Acid p-oxidation in Oocytes during In Vitro Maturation

In order to utilize stored lipid for energy prodioa, the lipid must be hydrolyzed and
processed through lipolysis followed pyoxidation of the resultant fatty acids. Oocyti&slly
utilize this process as other cell types do, adewed by the decrease in triglyceride levels and
concomitant increase in lipase levels through aoayaturation. In fact, inhibition of fatty acid
oxidation during IVM of oocytes negatively impactideir developmental competence
(Ferguson & Leese 2006; Dunnigigal. 2010; Paczkowsleat al. 2013). Paczkowski et al.

(2013) inhibited fatty aci@-oxidation in murine, bovine, and porcine oocytgsbpplementing

11



the maturation medium with 10, 25, 100 and 250 pgdvinexir (a fatty acid oxidation-specific
inhibitor). Meiotic maturation to MIl was inhibitein murine oocytes at the 250 uM
concentration, bovine oocytes at the 100 and 25CGpaméentrations, and porcine oocytes at the
10, 100 and 250 puM concentrations of etomoxir (Rewski et al. 2013). Cleavage to the 4 to
8-cell stage by Day 3 and blastocyst formation lay B after fertilization of murine oocytes
matured in the presence of 100 uM etomoxir was @dspeased (Dunnirg al. 2010). When
bovine oocytes were matured for 24 h in maturati@dia supplemented with 1.0 or 5.0 mM
methyl palmoxirate (an inhibitor of mitochondriadta-oxidation), development to the blastocyst
stage after fertilization was reduced from 21.6%antrols to 14.0 and 6.75%, respectively
(Ferguson & Leese 2006). Furthermore, promotionoafyte fatty aci@-oxidation by L-
carnitine supplementation of the maturation meghiproved embryonic development after
fertilization (reviewed by Dunning & Robker 2012).
Mitochondrial Translocation and ATP Production duri ng Oocyte Maturation

During oocyte maturation mitochondria translocaitin the cytoplasm. Between 0 and
8 h of maturation within the follicle, mitochondriarganization within the cytoplasm of oocytes
changed from a seemingly random distribution taegation around lipid droplets with close
association to portions of smooth endoplasmicuétio (Kruipet al. 1983). Mitochondrial
aggregation occurs similarly in in vitro maturedsime oocytes (Ktska-Ksizkiewicz et al.
2011).

Mitochondrial respiration is indicative of ATP ghaction; thus as respiratory activity
increases, so should the production of ATP. TBpiratory activity of mitochondria was greater
(Katska-Kshzkiewicz et al. 2011), as was the concentration of ATP in bovioeytes matured

for 24 h (Machatkovat al. 2012) compared to immature oocytes before IVMesSEhresults are
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similar to those of other studies measuring the Adftent of bovine oocytes. When Stojkovic
et al. (2001) measured ATP content in bovine oaclgefore maturation for any length of time
as well as after IVM, concentration increased ftb8 pmol/oocyte to 2.4 pmol/oocyte. Iwata et
al. (2011) also observed greater ATP concentraiiobsvine oocytes after IVM compared to
immature oocytes (1.2 and 2.0 pmol/oocyte, respelgii.

Impact of Elevated Temperature on Oocyte Energy Prduction

The concentration of ATP in bovine oocytes is@ased even more so if oocytes are
matured at an elevated temperature (Nagle 201fter Aaturation at 41.0°C during the first 12
hIVM and 38.5°C for the remaining 12 h, heat-steelssocytes contained 2.01 pmol ATP/oocyte
as compared to the 1.65 pmol/oocyte in oocytes madtat 38.5°C for the entire 24 h maturation
period (Nagle 2011).

Though no previous research has been conduct#teaifects of elevated temperature
on fatty acid3-oxidation or lipolytic activity in oocytes, hedtass has been observed to alter
lipolysis in other cell types. Lipolytic activitg increased in skeletal muscle cell homogenates
of patients with Malignant Hyperthermia, a geneligease causing a rapid increase in body
temperature (fever) when administered any soreokgal anesthetic (Fletcher & Rosenberg
1986). The increased release of fatty acids imtbscle cells of these patients is likely resultant
of enhanced triglyceride turnover (Fletcleeal. 1989). In adipocytes, lipolysis is increased
through procedures such as Laser Body Sculptiteglaique that claims to “melt away fat”
where a laser is applied to a fatty area of theybiarder to increase adipocyte temperature to
approximately 41.0°C (Weiss 1996). Thus, it isgilole that heat stress may also increase the

rate of lipolysis in oocytes.
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CHAPTER 3
MATERIALS AND METHODS

Unless otherwise stipulated, all chemicals wenelpased from Sigma Chemical
Company (St. Louis, MO, USA).

Collection and In Vitro Maturation of Oocytes

In general, the methods used to collect and mdtovene oocytes in vitro were as
described previously by Edwards et al. (2005). y@®collection medium was prepared using
M199 with Hank’s salts (Mediatech; Manassas, VAAY8ontaining 12.5 mM HEPES, and 4.2
mM sodium bicarbonate, 1 — 2% standard fetal bogerem (Atlanta Biologicals; Lawrence,
GA, USA), 1% L-glutamine, and 0.5% Penicillin/Stremycin. Depending on study,
approximately 35 to 50 cumulus-oocyte complexes@8were randomly grouped for
maturation at 38.5°C and/or 41.0°C (heat-stresse@<were transferred to 38.5°C after the first
12 hIVM) for up to 24 h. Oocyte maturation mediwas prepared using M199 with Earle’s
salts (Gibco, Life Technologies; Grand Island, N)SA) with 26.2 mM sodium bicarbonate,
and supplemented to contain 10% premium fetal oserum (Biowhittaker; Walkersville, MD,
USA), 50 pg/mL gentamicin (Biowhittaker), 5 pg/mBH (Bioniche; Belleville, Ontario,
Canada), 0.2 mM sodium pyruvate, and 2 mM L-gluten{Schroclet al. 2007).

Either immediately before placement into maturatisedia (O hours), or some time
thereafter, a subset of COCs was removed fromreu#tnd denuded completely of cumulus. For
the 0 to 12 h groups, oocytes were denuded byxiogen HEPES-TALP (Sirardt al. 1988);
whereas COCs from the 24 h groups were vortex&tEIRES-TALP containing 0.3 mg/mL of

hyaluronidase. Successfully denuded oocytes viserd fh 3% paraformaldehyde-Dulbecco’s
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Phosphate Buffered Saline (DPBS, without Gas£IMgClh) for 1 h at room temperature,
protected from light.
Study One: Timing of Germinal Vesicle Breakdown Bovine Oocytes Undergoing In Vitro
Maturation at 38.5°C

The timing of GVBD was assessed by evaluating tsscgvery 2 h during the first 12
hIVM. Oocytes were determined to have undergon®8B ¥ the germinal vesicle (GV) was no
longer detectable and the nuclear material wascondensed chromatin (CC) configuration or at
MI. Fixed oocytes were stained with Hoechst 33Bdfbre mounting to a slide under a
coverslip. Nuclear stage of individual oocytes watermined using fluorescence (excitation
330 — 380/emission 420) on a Nikon TE300 Inverted Fluorescent micopgc Study One was
conducted over seven days of oocyte collectiongusjB25 oocytes in total (131 to 389 oocytes
per each time period examined).
Study Two: Timing of Lipolytic Changes and GVBD Bovine Oocytes Undergoing In Vitro
Maturation at 38.5°C

Lipolysis was evaluated by examining triglycerated phospholipid content in COCs
cultured for 0, 2, 4, 6 or 24 hIVM as modified fr@aenicot et al. (2005) and Auclair et al.
(2013). Fixed oocytes were washed in HEPES-TAL#Breencubation in 0.2 pg/mL Nile Red
fluorescent lipophilic stain in 1% PVP-DPBS for 2throom temperature, protected from light.
Stained oocytes were washed in 1% PVP-DPBS andithesferred in groups of ten per 100 pL
DPBS-PVP into separate wells of a 96-well blackroptate with a transparent bottom (Thermo
Scientific Nunc — Thermo Fisher Scientific; RocleesNY, USA). Fluorescent readings were
obtained using a Synergy H1 microplate reader (Bkolhstruments, Inc., VT, USA) at two

fluorescent settings: excitation 485/emission 388I¢ceride) and excitation 549/emission 628
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(phospholipid; Greenspastal. 1985; Kimuraet al. 2004). Once measurements were obtained,
background fluorescence was subtracted and theated value from each well was divided by
the number of oocytes in said well to determineattigtrary fluorescent units (A.F.U.) per
oocyte. After fluorescence was recorded, oocytaewemoved from the 96-well microplate
and Hoechst stained to determine nuclear stageea®psly described. Study Two was
replicated over six oocyte collection days usirZBZ,oocytes in total (the total number of pools
per each of the five treatment groups ranged fr@ro125).

Study Three: Lipolytic Changes, GVBD and ATP Conteturing In Vitro Maturation of

Bovine Oocytes at 38.5 and 41.0°C

Triglyceride and phospholipid content of controtldheat-stressed oocytes was assessed
at0, 2, 4, 6 and 24 hIVM as previously describBdch plate was read ten times instead of once,
and these values were averaged separately fovegtto better control for variability. After
the average fluorescence was recorded, oocytestraaserred from the 96-well microplate and
prepared for nuclear stage assessment using HE&R3%2.

Concurrent with efforts described above, ATP comteas measured in a small subset of
oocytes taken before fixation from each treatmeotg at five different time points (0, 2, 4, 6
and 24 and cultured at 38.5°C and 41.0°C). Fastytes were denuded of surrounding cumulus
cells and the zona pellucida was removed using @&¥ase. Oocytes were then transferred
individually to microcentrifuge tubes, lysed inrdewater, and stored at -80°C. Oocyte lysates
were assessed for ATP content using the ATP detetion kit from Invitrogen (Division of
Life Technologies; Carlsbad, CA, USA) and a tubsdaaluminometer (Berthold, Huntsville,

AL, USA) set to read the sample for ten seconds afthree second hold-tim&he total

amount of ATP in each oocyte lysate was determusialg a standard curve ranging from O to
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10 pmol. Study Three was replicated over six cocgllection days using 2,680 oocytes for
lipid analysis (14 to 16 pools per each of ninatiment groups) and 270 for ATP analysis (21 to
39 oocytes per treatment group).
Statistical Analyses

Nuclear maturation data from Study One is preskagseraw values to show variability
among different batches of bovine oocytes collectedifferent days. Data from Studies Two
and Three were analyzed as a randomized blockrdasigg the GLIMMIX procedure of SAS
9.4 (SAS Institute, Inc., Cary, NC, USA), blockiag date of oocyte collection. The Study Two
dependent variables were lipid data (triglycerjggspholipid, or the triglyceride to
phospholipid ratio) and nuclear maturation dataBBY. Maturation time (0, 2, 4, 6 and 24
h1VM) was the fixed effect for Study Two. Studyr€e dependent variables included lipid data
(triglyceride, phospholipid, or the triglyceride pbospholipid ratio), nuclear maturation data
(GV, CC, MI, Anaphase | (Al), Telophase | (Tl), Mit GVBD), and ATP data. Maturation
time (0, 2, 4, 6 and 24 hIVM) and maturation tenapere (38.5°C and 41.0°C) were the fixed
effects for Study Three. The experimental unitdibdata analyses was the 4-well Nunc plate in
which the oocytes were housed during IVM, as treatisywere applied to a “plate” rather than
individual oocytes. Treatment differences fromaalalyses were determined using F-protected
least significant differences and reported as lsqséres means + standard error of the mean
(SEM).

When analyzing the association of nuclear matomat lipolytic changes during IVM,
GVBD served as the dependent variable. The fixittefor Study Two was lipid fluorescence,

and the fixed effects for Study Three were lipigbflescence and maturation temperature. When
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analyzing the association of ATP content in oocyodgoolytic changes during IVM, ATP was

the dependent variable. The fixed effects welid fijporescence and maturation temperature.
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CHAPTER 4
RESULTS

Study One: Timing of Germinal Vesicle Breakdown Bovine Oocytes Undergoing In Vitro
Maturation at 38.5°C

Either immediately before placement into maturatieedia or after 2 hIVM, the GV was
present in 100% of oocytes (Table 4.1). The pridgoof oocytes with an intact GV decreased
progressively thereafter. Condensed chromatinnetiseable after 4 hIVM. Progression to Ml
was observed by 6 hIVM in a small subset of oogyded by 12 hIVM the majority of oocytes
were at this nuclear stage.
Study Two: Timing of Lipolytic Changes and GVBD Bovine Oocytes Undergoing In Vitro
Maturation at 38.5°C

Triglyceride content per oocyte was greatest aMVh(P < 0.0001; Figure 4.1, panel A).
By 2 hIVM, triglyceride levels decreased and lewgése even lower at 24 hIVM (P < 0.0001;
Figure 4.1, panel A). Similar to the triglyceridentent, phospholipid content per oocyte was
greatest at 0 hIVM, decreased by approximately &igdfr 2 hIVM, and then decreased further by
6 hIVM (P < 0.0001; Figure 4.1, panel B). Indepemdof IVM time, triglyceride levels were
almost double that of phospholipid (283.14 vs 166SEM = 21.35) resulting in a ratio of 1.81
to 1 (P = 0.4201).

All oocytes at 0 hIVM had an intact GV, and thegamtage of oocytes having an intact
GV decreased by 4 hIVM (P = 0.0500; Figure 4.1 gb&). Chromatin condensation was
evident in almost all of the oocytes without aragttGV at 4 hIVM. Prevalence of GVBD in
oocytes increased again after 6 hVIM (P = 0.050§ure 4.1, panel C); less than 1% had

reached the MI stage and the remainder had condgoiomatin. Oocytes after 24 hIVM were
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Table 4.1.Timing of GVBD in bovine oocytes undergoing IVM38.5°C and the proportion at MI.

Germinal Vesicle Breakdown (%)

hiVM Metaphase | (%)
0 0 0 0 0 0 0 0 0 0 0 0 O 0 0
2 0 0 0 0 0 - - 0 0 0 0 0 0 0
4 80 32 O 0 0 - - 0 0 0 0 0 - -
6 212 63 16.7 119 138 - - 3.0 31 48 1.70 - -
8 - 63.3 645 714 741 75.093.2| - 200 194 30.1 37.0 429432
10 - - - - 93.8 100 929 - - - - 65.5 93.0 64.3
12 - - - - 93.1 100 100 - - - - 81.3 100 95.6
Rep. No. 1 2 3 4 5 6 7 1 2 3 4 5 6 7

GVBD = Germinal Vesicle Breakdown
MI = Metaphase |
hIVM = hours of in vitro maturation

Images:A. Oocyte with intact germinal vesicle (G\B, oocyte with condensing chromatin (CC), adocyte

at MI; scale bar = 25 um

— = did not record for these time periods for aegiveplicate

Rep. No. = each number represents a differentafaiecyte collection

20



Figure 4.1.Triglyceride Panel A) and Phospholipid conterf@nel B) (average fluorescence
units (A.F.U.) £ SEM) in bovine oocytes maturedsitio to 0, 2, 4, 6 or 24 hIVMPanel C
Percentage of bovine oocytes at 0, 2, 4, 6 or ¥Mhih which the germinal vesicle was no

longer intact.” ~ PLetters within a panel are indicative of differingeans at P < 0.05.
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predominantly at the MIl stage (> 85%).

Lipolytic changes in triglyceride @R= 0.2477; P = 0.0095) and phospholipid &R
0.2335; P = 0.0121) were associated with GVBD it oocytes undergoing meiotic
maturation (Figure 4.2). For example, when lippchtent was typically high at 0 hIVM there
was no evidence of GVBD; however, when lipid cohtgas low at 24 hIVM incidence of
GVBD was high (Figure 4.2).

Study Three: Lipolytic Changes, GVBD and ATP Conteturing In Vitro Maturation of
Bovine Oocytes at 38.5 and 41.0°C

Triglyceride content decreased by 2 hIVM in coh&nod heat-stressed oocytes (P =
0.0009; SEM = 40.23). Independent of IVM tempemattriglyceride levels did not change from
2 to 6 hIVM; however, content was decreased byl2Mh(P = 0.0003; Figure 4.3, panel A).
Application of heat stress did not alter triglycericontent during IVM (P = 0.9198; Figure 4.3,
panel A).

Phospholipid content also decreased by 2 hIVMomim| and heat-stressed oocytes (P =
0.0005; SEM = 21.54). Independent of IVM tempematphospholipid levels did not change
from 2 to 6 hIVM; however, content was decrease@bnlVM (P < 0.0001; Figure 4.3, panel
B). Heat stress exposure did not alter phosplibtipntent during IVM (P = 0.7861; Figure 4.3,
panel B).

Triglyceride levels were almost double that of pstadipid (184.82 vs 93.33; SEM =
17.42) resulting in a ratio of 1.98 to 1 (P = 0.1B4Neither IVM time nor temperature affected
this ratio (P = 0.3927).

There was a significant interaction of IVM temgera X time when evaluating the

ability of oocytes to undergo GVBD (P < 0.0001; lea#.2). The proportion of oocytes without

23



Figure 4.2.Relationship of triglycerideRanel A) and phospholipid conteri®énel B) (average
fluorescence units (A.F.U.) £ SEM) to GVBD (%) iouine oocytes matured in vitro at 38.5°C
(R*=0.2477 and P = 0.0095 for triglyceride;R0.2335 and P = 0.0121 for phospholipid).

Symbols correspond to different time points of IViM= 0,A =2, + = 4,0 =6 and x = 24.
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units (A.F.U.) £ SEM) in bovine oocytes maturedvitro to 2, 4, 6 or 24 h at 38.5 or 41.0°C
(heat stress exposure during the first 12 h oftiw vnaturation only).” ~ PLetters within a panel
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was not included in factorial treatment arrangement

26



an intact GV was not different between control Bedt stress treatments at 2 hIVM (Table 4.2).
At 4 hIVM, fewer heat-stressed oocytes had an trBa¢ than did control oocytes (Table 4.2).
A greater proportion of heat-stressed oocytes naeéngone GVBD at 6 hIVM than had control
oocytes as well (Table 4.2). However, by 24 hi\iire was again no difference in the
proportion of heat-stressed and control oocyteswttergo GVBD (Table 4.2).

Lipolytic changes in triglyceride (R= 0.2123; P = 0.0030) and phospholipid (R
0.2243; P = 0.0026) levels were associated witldence of GVBD in bovine oocytes
undergoing meiotic maturation (Figure 4.4). Fatamce, when lipid content was typically high
at 0 hIVM, there was no evidence of GVBD; howewengen lipid content was low at 24 hIVM,
GVBD was high. The relationship of lipolytic chantp GVBD was not influenced by IVM
temperature (P = 0.5925 for triglyceride and P5081 for phospholipid; Figure 4.4).

There was a significant IVM temperature X timeeeffon oocyte ATP content (P =
0.0082; Figure 4.5). Oocyte ATP content was nffedint in control and heat-stressed oocytes
matured for 2 to 6 h after placement in maturatredia. At 24 hIVM, ATP content was
increased, with heat-stressed oocytes containirmg WoP than controls (P = 0.0500; Figure
4.5).

Lipolytic changes in triglyceride @R= 0.1086; P = 0.0184) and phospholipid &R
0.1252; P = 0.0096) were associated with ATP cdniteovine oocytes undergoing meiotic
maturation. For example, when lipid content wasdgily high at 0 hIVM, ATP content was
low; however, when lipid content was low at 24 hIVAITP content was high. This association
was not influenced by IVM temperature (P = 0.25@&9tfiglyceride and P = 0.2069 for

phospholipid).
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Table 4.2 Meiotic progression of bovine oocytes undergoivilyllat 38.5 or 41.0°C

Treatment
Combinations Nuclear Stage (%)
Temperature
hivm* (°C) GV ccC MI*  GVBD®>  AI° TI’ MII8
2 38.5 9925 073 (@ 0.74 - - -
2 41.0 100.00 o° 03 - - -
4 38.5 95.4b 463° (@ 4.5¢ - - -
4 41.0 88.76 1127 (@ 11.24 - - -
6 38.5 88.76  9.94° 127 11.24 - - -
6 41.0 58.7%6 36.60 4.60 41.24 - - -
24 38.5 014 ¢ 478 9988 2.07 2.09 91.06
24 41.0 065 5.18 98.07 0.65 0.64 91.59
a—-d

means differ within a column (P < 0.05).

'hIVM = hours of in vitro maturation

’GV = Germinal Vesicle stage

3CC = Condensed Chromatin

*M| = Metaphase | stage

>GVBD = Germinal Vesicle Breakdown

°Al = Anaphase | stage

Tl = Telophase | stage

8MII = Metaphase Il stage

— = nuclear stage not present at these time periods
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Figure 4.4.Relationship of triglycerideRanel A) and phospholipid conteri®énel B) (average
fluorescence units (A.F.U.) £ SEM) to GVBD (%) iouine oocytes matured in vitro at 38.5 or
41.0°C (heat stress exposure during the first @Rih vitro maturation only) (R= 0.2123 and P

=0.0030 for triglyceride; R= 0.2243 and P = 0.0026 for phospholipid). Syrsoirrespond to

different IVM temperatures: + = 386G ando = 41.0C.
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CHAPTER 5
DISCUSSION

This study confirmed that exposure of bovine oesyb heat stress hastens meiotic
maturation, as incidence of GVBD was higher in fetegssed oocytes by 4 and 6 hIVM
compared to controls. We also observed a markegkdse in oocyte triglyceride and
phospholipid levels by 2 hIVM, after which lipidvels decreased again at 24 hIVM. Maturation
at an elevated temperature did not alter this yjpopattern. Both prevalence of GVBD and
oocyte ATP content were associated with lipolytiarges of triglyceride and phospholipid
regardless of maturation temperature. Applicatibheat stress during the first 12 hIVM,
however, increased ATP content of oocytes at 24hlV

Heat-stressed oocytes undergo GVBD earlier thatr@iooocytes; this effect was first
evident at 4 hIVM and was even more pronouncedrdV/®. Our findings extend beyond what
has been previously reported for heat stress-irdlbastening of bovine oocyte meiotic
maturation; Edwardet al. (2005) did not observe differences in the proporof oocytes with
an intact GV between control and heat-stress treatsrat 4 hIVM. The results herein further
support the notion that heat-stressed oocytes magéd at the time of fertilization due to an
accelerated rate of meiotic maturation, thus erpigisome of the reduction in developmental
competence of heat-stressed oocytes (Edweatias 2005; Schroclet al. 2007; Rispolit al.
2011).

Heat stress-induced hastening of GVBD was noteélto lipolytic changes of
triglyceride and phospholipid as measured herkiowever, this does not preclude lipolysis
from being a prerequisite for GVBD given that stlation of downstream fatty acfgtoxidation

(fatty acids derived from lipolysis of triglyceridae converted by mitochondria into ATP)
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promotes progression to Mll (reviewed by Dunningr&bker 2012). Furthermore, inhibition of
fatty acidp-oxidation during IVM in bovine, porcine, and muginocytes decreased the
proportion that progressed to MIl (Paczkowstkal. 2013).

The marked decline in triglyceride and phosphdlipiels by 2 hIVM was unexpected.
Previous researchers measured lipid at 0 hIVM died 22 to 24 hIVM and theorized that the
decline was gradual (Ferguson & Leese 1999; #ial. 2001; Auclairet al. 2013). Similar to
those studies, the triglyceride content of oocytasured for 24 h herein was significantly
decreased compared to immature oocytes. The isigmife for the bovine oocyte to decrease
lipid content by almost half within the first 2 hWis unknown. However, during maturation
the oocyte is tasked with quickly undergoing impattnuclear and cytoplasmic changes in
preparation of becoming a zygote after fertilizatiorhis may include a decrease in lipid content
such that the oocyte would more closely resemladtithctionality of a zygote, as triglyceride
content significantly decreases after fertilizatwinen the zygote begins cleaving (Ferguson &
Leese 1999). Another possible role of rapid lipidakdown during the first 2 hIVM may be to
release important proteins or histones require@ddoyte meiotic maturation. Bovine cumulus
oocyte-complexes require a 1 to 2 h transcriptiphalse once maturation is initiated to
synthesize necessary proteins for driving meiosig€wed by Hyttekt al. 1997), and greater
than 60% of total oocyte/embryonic histones weteated in association with oocyte lipid
droplets in Drosophila (Cermett al. 2006). Further evaluation has determined thaicated
histones are capable of translocation to the nedi@upackaging and regulation of DNA
transcription, and these became unavailable foirusanscriptional regulation if lipid droplets
did not properly redistribute during oocyte andyambryonic development (Cermedtial.

2006).
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Although our study and others have reported tbayte triglyceride and phospholipid
levels decreased during IVM, it is unknown wherdaow the fatty acids released from the
breakdown of these lipids are utilized. As ATP temt did not differ within the first 6 hIVM, it
does not appear that the oocyte itself is oxidizivggfatty acids during early maturation.
However, when lipolytic changes are most pronourm®dne oocytes are intimately associated
with the surrounding cumulus cells (Hytetlal. 1986). Intimate associations via gap junction-
complexes allows for a bidirectional flow of sigeand metabolites between the oocyte and the
cumulus (reviewed by Eppig 1991). Though cumuklisavere not evaluated as a part of our
study, we cannot preclude the potential for thedls to receive, and possibly utilize, the by-
products released from lipolytic breakdown occugtimthe oocyte. Auclai al. (2013)
reported that lipid droplet breakdown was greatdyavine oocytes matured with intact cumulus
cells compared to those matured without surroundimgulus. Furthermore, fatty acids are
commonly packaged into vesicles to allow for tramsgtion to membrane surfaces in other cell
types (Winawer 2006), and Krugb al. (1983) observed small vesicles surrounding martiief
cumulus cell processes in bovine oocytes durinly @aaturation.

Nonetheless, fatty acfgroxidation is important for oocyte maturation amabeyo
development after fertilization (Ferguson & Lee®0& Dunninget al. 2010; Paczkowslet al.
2013). Depending upon the extent to which the/ fatids are utilized by the mitochondria
present within the oocyte, subsequent productioNTdé? could be increased. In fact, we
observed greater ATP content in oocytes mature@d4drlVM than at 0 hIVM, which agreed
with other studies (Stojkoviet al. 2001; Iwateet al. 2011).

Interestingly, ATP content in bovine oocytes exqb® heat stress during the first 12

hIVM was greater at 24 hIVM when compared to naessted controls. This finding is similar
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to results previously reported by our laboratoragh 2011). Elevated ATP content has been
observed in other cell types after applicationlefated temperatures, and some researchers
theorize that this greater ATP availability mayabmarker of cellular stress (reviewed by
Streffer 1985). Specifically, it may indicate ate level of mitochondrial dysfunction, which
is further supported by the observed alteratiomiddchondrial transcript abundance in heat-
stressed oocytes (Payton 2009). Reasons for @lteitechondrial ATP production in stressed
cells include a potentially greater energy (ATRjuieement as they must combat stress-related
apoptosis (reviewed by Streffer 1985) or possilikraion of metabolic pathways resulting in a

surplus of unused ATP (reviewed by Welch 1992).
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