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ABSTRACT

Heat-induced decreases in bovine blastocyst dewedophave been related to reductions
in latent matrix metallopeptidase-9 (proMMP9) protilon from maturing cumulus-oocyte
complexes. Elevated intrafollicular proMMP9 levealsthe time of oocyte retrieval have been
positively related to pregnancy following human IVIFhus, we hypothesized that heat-induced
reductions in proMMP9 levels during oocyte matunatimay be responsible for decreased
blastocyst development. As a first step towargsirtg this hypothesis, bovine cumulus-oocyte
complexes were matured at 38.5°C for 24 h with 8@} ng/mL recombinant human proMMP9
(rhMMP9) added at 0 h of in vitro maturation (hIVMNo differences were found in ability of
oocytes to cleave or form blastocyst-stage embaftss IVF. In a second study, cumulus-
oocyte complexes were matured at 38.5 or 41.096t (fi2 h only, then transferred to 38.5°C).
At 12 hIVM, 0 or 300 ng/mL of rhMMP9 was added. distress exposure decreased 24 hIVM
proMMP9 levels in 0 (P = 0.006) but not 300 ng/moups and elevated progesterone levels
most when 300 ng/mL rhMMP9 was added (P = 0.0002¢at stress exposure did not affect
ability of oocytes to cleave but reduced blastodetelopment (P = 0.006). Independent of
maturation temperature, addition of rhMMP9 decrdaskeavage (P = 0.02) and blastocyst
development (P = 0.08). In a third study, 0, 38@® ng/mL rhMMP9 was added at 18 hIVM to
cumulus-oocyte complexes matured at 38.5 or 4106t 12 h only, then transferred to
38.5°C). Heat stress exposure decreased 24 hI\WM P9 levels in 0 (P = 0.007) and 30 (P =
0.04) but not 300 ng/mL groups and increased ptega®e levels in 0 and 300 but not 30 ng/mL
rhMMP9 groups (P = 0.039). Heat stress exposuredsed cleavage (P < 0.0001) and
blastocyst development (P < 0.0001). Independéntaturation temperature, addition of

rhMMP9 did not alter cleavage but decreased blgstadevelopment (P = 0.02). In summary,
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addition of rhMMP9 at evaluated doses and timesnduiVM did not restore development of
heat-stressed oocytes. Addition of 30 or 300 nghmMMP9 after 12 hIVM, regardless of

maturation temperature, was detrimental to devetsgm
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CHAPTER 1
INTRODUCTION

In approximately 60% of cattle operations worldwiteat stress causes economic losses,
many of which result from heat-induced decreasderiility (Pegoreret al. 2007). Heat stress
during oocyte maturation causes decreases in enmdwyelopment both in vivo (Putney al.
1989) and in vitro (Edwards & Hansen 1996). Matgroocytes are most susceptible to heat
stress when connected through gap junctions tedrgotionally active cumulus cells (Thomets
al. 2004), whose premature removal compromises thidyabf the oocyte to develop to the
blastocyst stage (Zhang al. 1995). Cumulus cells respond to heat stress exposs
evidenced by increased Heat Shock Protein 70 trigtisoy in cumulus derived from cumulus-
oocyte complexes matured under physiologicallyvei heat stress conditions (Payteiral.
2011). Therefore, cumulus cells may mediate effeaft heat stress on the oocyte. In a
subsequent microarray study, the abundance of aestemulus-derived transcripts was altered
when heat stress was applied during maturationp(ist al. 2013). Notably, heat stress
decreased transcript abundance of matrix metaltaee-9 MMP9) mRNA and increased
MRNA abundance for two enzymes in the progestesgnéhesis pathway (Rispadt al. 2013).
These changes in mMRNA expression translated irdocesl secretion of the latent form of
MMP9 (proMMP9) and increased progesterone prodaogctdiich may in part explain decreased
developmental competence of heat-stressed oodyigsa]i et al. 2013).

Heat-induced reductions in MMP9 levels are notelyorbecause MMP9 (a zinc-
dependent gelatinase) has been associated witlodiggiive success and developmental
competence of oocytes in multiple species. Micdn WMP9 knocked out were shown to have
impaired fertility (Duboiset al. 2000). Bovine follicles that secreted MMP9 duriimgvitro

culture were more likely to have healthy theca gnahulosa cells (McCaffergt al. 2000).



Also, bovine follicular granulosa cells that expedsMMP9 were more likely to be associated
with developmentally competent oocytes (Roleedl. 2001). Furthermore, proMMP9 levels in
conditioned maturation medium from bovine cumulosyde complexes and fluid from human
preovulatory follicles have been positively related blastocyst development (Rispadi al.
2013) after IVF and pregnancy rates (lekal. 2005, Horkeaet al. 2012), respectively.

Progesterone production in murine follicles mayrégulated by MMP9 (Carbajat al.
2011), although in most tissues including humaroeretrium (Marbaixet al. 1992, Cornett al.
2002), trophoblast (Shimonovig&t al. 1998) and rabbit cervical fibroblasts (Imaslaal. 1997),
progesterone regulates MMP9 activity. Progestesupplementation during in vitro maturation
(IVM) of bovine oocytes in thermoneutral conditiathscreased blastocyst development (Silva &
Knight 2000, Schliteret al. 2014). Heat stress has been found to increasgegterone
production during IVM of bovine oocytes (Rispai al. 2013). Heat-induced reductions in
development may be explained in part by increasedgsterone and/or decreased MMP9 levels
during IVM.

Because MMP9 has been positively associated witkilitie and correlated with
blastocyst development in the bovine, we hypotleesthat heat-induced decreases in blastocyst
development may be a consequence of reduced MMRSslduring oocyte maturation. Initial
efforts examined effects of adding recombinant hupr@aMMP9 (rhMMP9) to maturing bovine
cumulus-oocyte complexes under thermoneutral comdit Subsequently, rhMMP9 was added
to heat-stressed cumulus-oocyte complexes at 1B drours of IVM (hIVM) in an attempt to
ameliorate effects of heat stress on developmesdaipetence. Progesterone levels were

evaluated in each effort because it has been ielyerslated to MMP9 production.



CHAPTER 2
REVIEW OF LITERATURE

Introduction

The following is a literature review covering thegact of heat stress on bovine
reproduction, the effects of heat stress on theutwsroocyte complex and MMP9 production,
the importance of MMP9 in reproduction, and theremstion between MMP9 and progesterone.
This review will also discuss MMP9 as an indicabérdevelopmental competence of oocytes
and the possible roles of MMP9 during oocyte mdioina Finally, this review will cover the
importance of in vitro oocyte maturation in humassiated reproduction and how the bovine
oocyte is a suitable model for testing ways to iowerin vitro maturation of human oocytes.
Impact of Heat Stress on Bovine Female Reproduction

Over 60% of cattle operations worldwide experiem@®nomic loss as a result of
environmental heat stress (reviewed by Pegaralr 2007). The United States Dairy Industry in
particular loses approximately $900 million eaclarydue to heat-induced decreases in milk
yield and fertility (reviewed by Collieet al. 2006). Much of the decreases in fertility are a
consequence of hyperthermia. Under normal enviemah circumstances, rectal temperatures
in the cow average 38.5°C, but in cases of hypartize rectal temperature may reach or exceed
41.0°C (Seath & Miller 1946, Monty Jr & Wolff 1974&aly et al. 1993). Increasing rectal
temperature (i.e., hyperthermia) has a detrimegftatt on pregnancy rates. For instance, when
rectal temperature was measured 12 hours afteminaéon, there was a 25% decrease in the
number of cows pregnant for every “Cincrease in rectal temperature beyond &7 @&Jlberg
& Burfening 1967).

Decreased pregnancy rates associated with envirgaimieat stress near the time of

estrus (i.e., the period in which the cow is selyuadceptive to mating) and insemination have



been well documented in cattle (Stott & Williams29Ulberg & Burfening 1967, Gwazdauskas
et al. 1975, Badingeet al. 1985). Putneyet al. (1989) applied heat stress to superovulated
heifers for only the first ten hours of estrus tigb the use of thermal chambers, elevating rectal
temperature to 41°6. Heifers were then allowed to cool down beforng artificially
inseminated at both 15 and 20 hours after the mfsettrus. The embryos collected seven days
after insemination from heat-stressed heifers wépmoorer quality than embryos from non-heat-
stressed heifers. This study illustrates that eMpoto environmental heat stress, when limited
to the first half of estrus (when the oocyte hasumeed meiosis within the ovarian follicle),
decreases the ability of oocytes to develop intedgquality embryos after fertilization.
Decreased embryo quality may be due to heat safssting the maternal environment (i.e.,
ovulatory follicle containing the maturing oocyteyhich may then cause alterations in the
oocyte. Alternatively, heat stress may directligeif the oocyte.
The Impact of Heat Stress on the Cumulus-Oocyte Cophex

When heat stress was directly applied to oocytasnglun vitro maturation (IVM),
blastocyst development decreased, similar to theeldpmental decreases seen when
environmental heat stress was applied to heiferisgestrus (Putnest al. 1989). Edwards and
Hansen (1996) applied physiologically relevant rstagss (41.1C) to bovine cumulus-oocyte
complexes for the first 12 hours of IVM (hIVM) asavitched to 38.5C thereafter. By 7 to 9
days after fertilization, the proportion of blasgets that developed from heat-stressed cumulus-
oocyte complexes was lower compared to the prapoi blastocysts from non-heat-stressed
cumulus-oocyte complexes. Direct effects of hetiess on the oocyte to decrease

developmental competence have been noted by setbealstudies as well (Edwards & Hansen



1996, Edwards & Hansen 1997, Lawrereteal. 2004, Roth & Hansen 2004, Edwaretsal.
2005, Schroclet al. 2007, Paytomt al. 2011, Rispolet al. 2013).

The mechanisms through which heat stress affeetbdvine cumulus-oocyte complex
during maturation remain unclear although seveaaeldrs have been implicated. For instance,
when 41.0°C heat stress was applied during IVM, tihee required for oocytes to reach
metaphase | and Il was decreased, yielding oooftaged quality by 24 hIVM (Edwards al.
2005). Aged oocytes are less likely to develothtoblastocyst stage after fertilization (Watd
al. 2002), which may partially explain why heat-stegsoocytes are less developmentally
competent when fertilized at 24 hIVM. In the l&he impact of heat stress on development was
partially alleviated but not eliminated by earlier vitro fertilization (IVF) of heat-stressed
oocytes (Schroclet al. 2007). In the cow, however, earlier fertilizatianot yet an option
because heat stress hastens oocyte maturatiotonuiation.

Heat stress alters cytoplasmic components withénbibvine oocyte. The formation of
meiotic spindles was impaired when an intense stoé<l2.0°C was applied for only the last 4
out of 24 hIVM (Juet al. 2005). Additionally, mitochondrial activity mayelaffected by heat
stress as the abundance of ATP in oocytes at 2Mhias increased when oocytes were
exposed to 41.0°C for the first 12 hIVM (Nagle 2D11Although heat stress during oocyte
maturation did not affect fertilization rates, iaynalter the intracellular calcium response that
follows fertilization. When cumulus-oocyte compésxwere heat-stressed at 41.0°C for 12
hIVM and chemically activated with ionomycin at VM in media without calcium, less
intracellular calcium was released compared toléewdthin non-heat-stressed oocytes (Rispoli

etal. 2011).



The Importance of Cumulus Cells

Cumulus cells are differentiated granulosa celéd gurround and project into the oocyte
contributing to acquisition of developmental congmete during oocyte maturation. Premature
cumulus removal or inhibition of cumulus communigcat with the oocyte impairs oocyte
maturation, fertilization, and embryo developmentcattle (Sirard & First 1988, Zharey al.
1995, Fatehet al. 2002, Tanghet al. 2003, Aliet al. 2005), pigs (Wongsrikeaa al. 2005), and
humans (Goudtt al. 1998). Additionally, when bovine oocytes were umatl with additional
cumulus isolated from other oocytes, subsequerstdigst development increased as cumulus
cell density increased (Hashimadioal. 1998).

Cumulus cell signaling participates in regulatinge tonset of oocyte maturation.
Initiation of maturation and resumption of meiosiee prevented in the oocyte by a high
concentration of cCAMP secreted from cumulus callsstaining arrest at prophase | (reviewed by
Seliet al. 2014). Aside from regulating initiation of mattican, cumulus can also affect events
occurring during oocyte maturation. In mice, cuansulremoval altered meiotic spindle
formation, mitochondrial relocation, and premateargulsion of cortical granules that hastened
zona pellucida hardening, and likely decreasednsypanetration (Get al. 2008). Similarly, in
the bovine, meiotic spindle formation was compradisshen cumulus cell function during IVM
was altered by the addition of 1 trilostane, a progesterone synthesis inhibitoaly:t al.
2014). After oocyte maturation has begun, cumugls disconnect from the oocyte due to the
influence of FSH, allowing for degradation of CAM#S seen in mice (Eppig 1979, Eppig 1982,

reviewed by Selet al. 2014) and cattle (reviewed by Thoneasl. 2004).



Responsiveness of Cumulus to Heat Stress

Cumulus cells are intimately connected to the bevoocyte during the first half of
maturation (Thomast al. 2004), when oocytes are most susceptible to hHesdss Like the
oocyte, cumulus cells are susceptible to the effeftelevated temperature. When cumulus-
oocyte complexes were exposed to 4C.Beat stress for an extreme period of 24 hoursutis
expansion was decreased (Lehal. 1983). Cumulus cells respond to heat stress ¢rgasing
transcription ofHSP70 mRNA (Paytonet al. 2011). The realization that cumulus cells exhibit
changes in transcription in response to heat spes®ipted a microarray study, revealing 24
transcripts that differed more than two-fold in abance between cumulus from heat-stressed
and non-heat-stressed cumulus-oocyte complexethre®&fold heat-induced decrease in matrix
metallopeptidase-9 MMP9) translated into a reduction in MMP9 protein sesmde into
maturation medium. The differences in MMP9 levelsmedia between control and heat-
stressed groups increased over time, with levatsrbeng significantly less in media from heat-
stressed cumulus-oocyte complexes at 18 and 24 [{Rispoliet al. 2013).

Matrix metallopeptidase-9 is a zinc-dependent gedae that cleaves gelatin and collagen
types 1, II, 1V, V, and XVII as well as several fttional proteins such as myelin, serine
proteases, members of the transforming growth fgctamily, and epidermal growth factor
(Van den Steemt al. 2002). In most cells, MMP9 is typically involvea cellular growth and
maintenance of the extracellular matrix. The ergysnusually expressed at low levels, but may
be up regulated, especially during remodeling eféktracellular matrix. While other members
of the matrix metallopeptidase family including MBIR, 2, 3, 7, 10, and 13 directly activate
MMP9 by cleavage of the pro-domain, furin, plasmimkinases- and tissue-type plasminogen

activators indirectly activate MMP9 through otheactors downstream (Reviewed by Van den



Steenet al. 2002). Regulation of MMP9 activation is accomipéid through tissue inhibitors of
metallopeptidases (TIMPs), with TIMPs 1 and 3 hguime highest affinity for binding MMP9
(Reviewed by Curry and Osteen, 2003).
MMP9 Is Important for Fertility

A heat-induced decrease MMP9 expression in cumulus cells is intriguing because
MMP9 has been implicated in fertility in mammal&reeding pairs of mice with the MMP9
gene knocked out were able to reproduce but averageer litters and fewer pups per litter than
mice with unimpaired MMP9 production (Dubasal. 2000). In women, a single nucleotide
polymorphism (SNP) on the MMP9 promoter caused degulation of MMP9 translation, and
increased risk for idiopathic recurrent spontaneausrtion (Perezat al. 2012). Women with
elevated levels of MMP9 in blood serum on the dbgaxyte retrieval were also more likely to
become pregnant after IVF (Horkigal. 2012).
MMP9 Is Associated with Follicle Health

Follicle health is essential to reproductive suscdsecause the follicle houses the
cumulus-oocyte complex as it proceeds through raatur. Follicle health has also been related
to MMP9 expression, as bovine follicles that praati®MP9 during in vitro culture were more
likely to have healthy theca and granulosa cell€@lffery et al. 2000). In humans, IVF
patients with higher levels of MMP9 in folliculatufd at the time of oocyte retrieval had a
greater chance of becoming pregnant after embeytster (Leeet al. 2005). When follicular
fluid was analyzed through gelatin zymography, dasifhat had less than 50,000 densitometric
units of MMP9 were associated with a 0% chancenabrgonic implantation whereas samples
with more than 50,000 densitometric units were @ssed with a 32% chance of implantation

(Leeet al. 2005). In a separate human IVF study, MMP9 leirelsoth follicular fluid and blood



serum on the day of oocyte retrieval were assegsedn enzyme-linked immunosorbent assay
(Horka et al. 2012). Women who became pregnant following IVE 225 ng/mL and 104.4
ng/mL more MMP9 in follicular fluid and blood serumespectively, than women who did not
become pregnant after IVF (Horkhal. 2012). Similarly, bovine follicles that containstMP9
MRNA within granulosa cells were more likely to tamn oocytes that could develop to
blastocyst-stage embryos after in vitro fertilinat(Roberet al. 2001).

Role of MMP9 during Oocyte Maturation

In bovine cumulus-oocyte complexes, production dfR® during IVM was positively
correlated with subsequent blastocyst developmentassessed by gelatin zymography of
conditioned maturation medium at 24 hIVM (Rispdlial. 2013), suggesting that MMP9 is
beneficial during in vivo oocyte maturation. Ortbe oocyte has matured, MMP9 continues to
contribute to development, as MMP9 inhibition wit@ uM 1, 10-phenanthroline immediately
before IVF resulted in decreased fertilization ofgine cumulus-oocyte complexes (Bestlal.
2012).

Conversely, some have reported that MMP9 activityird) oocyte maturation is related
to reproductive dysfunction. At time of oocyterietal from IVF patients, MMP9 levels were
higher in follicular fluid (~100 vs 150 ng/mL forontrol vs endometriosis, respectively; P <
0.05) and blood serum (~575 vs 775 ng/mL for cdntsoendometriosis, respectively; P < 0.05)
from patients with endometriosis and measured UESE (Singhet al. 2013). Endometriosis
patients also had lower TIMP1 levels in folliculthnid (~110 vs 85 ng/mL for control vs
endometriosis, respectively; P < 0.05) and bloodireé~725 vs 650 ng/mL for control vs
endometriosis, respectively; P < 0.05), as assdsgdfl ISA (Singhet al. 2013). This same

study showed that elevated MMP9 and decreased TIfdHgular fluid from endometriosis



patients was associated with a greater percentgenoature oocytes at time of retrieval and
decreased embryo quality following IVF (Singh al. 2013). In this instance, however,
inferences related to MMP9 may be confounded duéhéoadded effects of endometriosis.
Another study reported that the abundance of MMIRNA was twenty times higher in cumulus
surrounding in vitro matured bovine oocytes tharth@ cumulus surrounding in vivo matured
oocytes (Salhabkt al. 2013), which are more likely to develop to theshdayst stage. On one
hand, this data could be interpreted to supportitlea that MMP9 mRNA abundance is
increased in the less efficient maturation systemd & therefore associated with lower
developmental competence. However, this could aisan that MMP9 is so critical to the
maturing oocyte that MMP9 mRNA abundance must beemsed twenty-fold to compensate for
the deficiencies in the in vitro maturation system.
Progesterone Regulation of MMP9

Progesterone may be most known for maintainingrmaegy as it is released from the
corpus luteum (Siiteret al. 1977), but progesterone has also been shown tdategMMP9
activity (Marbaix et al. 1992), and is produced by the cumulus-oocyte cexmuring
maturation (Rispolet al. 2013). Transcripts fo€YP11A1 andHSD3681, two of the enzymes in
the progesterone synthesis pathway, were increh$ednd 1.8 fold, respectively, when £T0
was applied to bovine cumulus-oocyte complexesterfirst 12 hIVM (Rispoliet al. 2013).
Production of progesterone was also increaseddld?bly heat stress (Rispad al. 2013). In
fact, the heat-induced increase in progesteroneswadicant at 12 hIVM, while the decrease in
MMP9 was not significant until six hours later (Rudi et al. 2013).

Progesterone has been known to down regulate MMP8ther reproductive tissues.

Progesterone decreadd®dP9 expression in murine uterine endometriumeLal. 2012), rabbit
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cervical fibroblasts (Imadat al. 1997), and human trophoblasts (Shimonowtzal. 1998).
Progesterone may also regulate MMP9 secretion (Mas al. 1992) and activation (Cornet

al. 2002) in human endometrium. Likewise, progesterathdrawal may up regulatdMP9
transcription, evidenced by increadd®1P9 expression from murine endometrial stromal cells
during in vitro culture up to 16 h after adminisiva of 1 uM RU486 (Li et al. 2012).
Progesterone may decrease MMP9 transcription byeptang the binding of NkB to the
MMP9 promoter region (Let al. 2012, Halasz & Szekeres-Bartho 2013) or decreetseation
through upregulation of TIMP1, an MMP9 inhibitor{&ffin & Stouffer 1999, Lahav-Baraat

al. 2003). Conversely, a study in mice has shown MEtP2 and MMP9 play a role in
increasing progesterone production in folliclestdds surge, (Carbajadt al. 2011) suggesting
that MMP9 may be a regulator of LH-induced progeste in murine follicles. When follicles
were cultured in vitro with LH and doxycycline, @nspecific MMP inhibitor, progesterone
production decreased as doxycycline increased @pdt al. 2011). Similarly, when Galardin,
another MMP inhibitor, was supplemented with LHidgrin vitro culture of murine granulosa
cells, production of progesterone was decreasedpaced to follicle cells cultured with LH
alone (Jamnongjiet al. 2005). It seems, therefore, that the relationsldgween MMP9 and
progesterone is reciprocal and not merely one-sidedhould be noted, however, that while a
relationship may exist between progesterone and MIMHAnammals, a recent study of chicken
granulosa cells found no effect of progesteronglempentation oMMP9 expression (Zhet al.
2014). Thus, while there is substantial evidenme ifteractions between progesterone and

MMP9 in certain scenarios, the two factors may belated in some tissues.
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The Effects of Progesterone during Oocyte Maturatio

The presence of progesterone in the oocyte’'s emvient has been associated with
developmental competence. During IVM of rhesus kegn oocytes, for example,
supplementation of 3ug/mL progesterone resulted in a higher percentaiyeblastocyst
development (Zhengt al. 2003). Blastocyst development was positively eiséed with
increased progesterone concentration in follicélizid when matured oocytes were retrieved
from superstimulated heifers and then fertilized @altured in vitro (Aardemat al. 2013).
Similarly, in human IVF patients, a lower estrodgerprogesterone ratio in follicular fluid when
oocytes were retrieved 36 h after hCG treatmentrelased to good embryo quality (Thuesn
al. 2014).

Progesterone has been found to prompt the onsahffacilitate progression through
meiosis in oocytes. When mifepristone, a progestemreceptor antagonist, was injected into
bovine ovarian follicles immediately following tteaent with a systemic GnRH agonist to
initiate an LH surge, fewer oocytes underwent geaivesicle breakdown (GVBD) within the
next 15 h (Siqueirat al. 2012). Similarly, when canine oocytes were supglaeted with 0.2
ug/mL progesterone and matured in vitro, a largepprtion underwent GVBD compared to
those without exogenous progesterone (Vannustcili 2009).

Increases in GVBD may be related to an increasedeptage of oocytes completing
meiotic maturation. Canine oocytes that were ctéi@ during the follicular phase of the bitch
and matured in vitro were more likely to reach Myl 72 hIVM when they were matured in the
presence of 1.0 or 2i@®/ml supplemented progesterone than were groupsreahtvith O or 0.5
ng/mL added progesterone (Kieh al. 2005). The same trend is evident in the bovinkeerw

oocytes were matured in vitro within follicular hisections and supplemented with 0, 10, 100,
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1000, or 10000 ng/mL progesterone, the group cedtwrith 100 ng/mL progesterone yielded
the highest percentage of MIl oocytes at 22 hIVNy(8iraet al. 2012). When progesterone
was added to bovine oocytes at a concentration @f 3 pg/mL at the beginning of IVM in a
serum-free environment, the percentage of oocyashing MIl by 22 hIVM was more than
doubled compared to controls (Sirotkin 1992). Iistsame study, when an antiserum to
progesterone was incubated with maturing oocytesintobit progesterone activity, the
percentage of oocytes at MIl by 22 hours of matonatvas only 25% of that seen in controls
(Sirotkin 1992). In porcine cumulus-oocyte comgexcumulus cells were found to produce
progesterone during maturation, and higher conatotrs of secreted progesterone
corresponded with a hastened rate of GVBD (Yamashdl. 2003).

The hastening effects of progesterone on oocytenatan may be deleterious if there is
an excess of progesterone during maturation, asaestudies have noted reductions in embryo
development when progesterone levels were incredgadg maturation. When progesterone
was added to bovine cumulus-oocyte complexes dimingro maturation in doses ranging from
50 to 450 ng/mL, no differences were seen in clgayhut blastocyst development was reduced
compared to that seen from cumulus-oocyte complemegured without progesterone
supplementation (Schlutet al. 2014). Likewise, when 300 nmol/L (94.3 ng/mL) gesterone
was added to maturing bovine cumulus-oocyte congslero changes in cleavage were noted,
but blastocyst development was significantly lowean controls (Silva & Knight 2000). In the
mare, when IVM medium was supplemented with 0, 280 or 1250 ng/mL progesterone,
followed by intracytoplasmic sperm injection andtere up to the 8-cell stage, embryonic
cleavage was lower when supplementation occurréd 260 or 1250 ng/mL progesterone

compared to 0 and 50 ng/mL progesterone (Schamatl 1999). When bovine cumulus-oocyte

13



complexes were heat-stressed, they produced omagesét.5 to 8.6 ng/mL more progesterone
than non-heat-stressed counterparts (Rispokl. 2013) that may be related to subsequent
reductions in blastocyst development from heatssed oocytes.

The effects of excessive progesterone during oamgeiration are similar to the effects
of heat stress on maturing cumulus-oocyte complekisat stress during oocyte maturation, like
excessive progesterone, reduces blastocyst devetdgiat does not usually alter cleavage rates
(Paytonet al. 2011, Rispoliet al. 2011, Rispoliet al. 2013). Heat stress has also been shown to
hasten the onset of meiotic maturation. When neuoiocytes were matured in vitro and exposed
to a short-term heat stress of either 41-42°C forn8nutes or 43°C for 15-30 minutes, the
percentage of oocytes that went through GVBD irsedaKimet al. 2002, LaRosa & Downs
2007). Heat stress of maturing bovine oocytes lated progression to MI and MII, and
therefore, oocytes were aged and less developrentahpetent oocyte by 24 hIVM (Edwards
et al. 2005). Heat stress also increases progesteromd@ugiion from follicle walls, as
demonstrated by heat stress of bovine ovarianclelicultures (Bridgest al. 2005) and from
cumulus cells surrounding the oocyte (Risgbhl. 2013).

Summary

Matrix metallopeptidase-9 has been implicated ipraoductive success in several
instances (Duboist al. 2000, McCafferyet al. 2000, Robertt al. 2001). Increased levels of
MMP9 during oocyte maturation have been positivetgociated with blastocyst development
(Rispoli et al. 2013) and pregnancy (Lest al. 2005, Horkaet al. 2012) following in vitro
fertilization. Heat stress during bovine IVM dezsed MMP9 production during maturation and
subsequent blastocyst development but increasegegterone production during maturation

(Rispoli et al. 2013). Elevated progesterone levels have beaterkto reductions in blastocyst
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development (Silva & Knight 2000, Schli&ral. 2014) that resemble reductions resulting from
heat stress exposure (Edwasdsal. 2005). Progesterone has been shown to down tegula
MMP9 in other reproductive tissues and may contelio the decreases in MMP9 seen in heat
stress (Marbaixt al. 1992, Imadaet al. 1997, Shimonovitet al. 1998, Cornett al. 2002, Liet
al. 2012). Itis possible that heat-induced redustionblastocyst development may be explained
in part by increases in progesterone secretiond@edeases in MMP9 secretion from cumulus
cells. It has thus been hypothesized that makevgl$é of MMP9 equivalent between heat-
stressed and non-stressed cumulus-oocyte comptex@asgy oocyte maturation may improve
blastocyst development from heat-stressed ovarder to examine our hypothesis, recombinant
human MMP9 will be added to maturing cumulus-oocgtemplexes first at 0 hIVM in
thermoneutral temperature. As MMP9 production gearover time and heat-induced decreases
are not detectable until 12 hIVM, MMP9 will be add¢éo heat-stressed cumulus-oocyte
complexes at 12 or 18 hIVM. Because progestera® been inversely related to MMP9
production, progesterone levels will also be assayeach of these efforts.
Importance of In Vitro Maturation in Human Assisted Reproduction

In addition to livestock applications, the presstudy of MMP9 addition during IVM may
aid in developing techniques to improve IVM effiogy in humans. In the United States, in vitro
maturation of human oocytes is still considered eexpental and is not widely practiced,
although there are many individuals who would bgnéfom this procedure (Practice
Committees of the American Society for Reproductvthe Society for Assisted Reproductive
2013). For instance, some cancer patients sedkiridjity preservation may be unsuitable
candidates for in vivo maturation because theypaepubescent, have estrogen-sensitive cancers

that respond adversely to ovarian stimulation prolgy or have cancers that require immediate
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treatment without time for hormonal stimulation (enet al. 2013). In these cases, efforts have
been made to cryopreserve or vitrify ovarian cogarples, but oocytes retrieved from cortex
tissues will likely require in vitro maturation leeé being subjected to in vitro fertilization
(Kagawaet al. 2009, Imesclet al. 2013). Additionally, in vivo maturation of oocgtenay not
be advisable for women with polycystic ovary symdeo(PCOS) who wish to undergo in vitro
fertilization, because the hormonal stimulationuiegd poses an increased risk for ovarian
hyperstimulation syndrome in these patients (Jur&migueira 2006).

Unfortunately, in vitro maturation of human oocyteas yielded little success thus far
(Imeschet al. 2013). There have been recent advancements vitror maturation of human
oocytes, especially in PCOS patients, due to opiimgimethods for FSH priming of ovaries and
selecting optimal follicle size for oocyte retriévaut there remains much room for improvement
(Lindenberg 2013). The associations between MM&&I§ in human follicular fluid and
pregnancies resulting from in vitro fertilizationggest that MMP9 could be used to improve the
success of in vitro maturation of human oocyte®@eal. 2005, Horkaet al. 2012).

The Bovine as a Model for Human Oocyte Maturation

Because of the precious nature of human oocytesn®doocytes, which are more readily
available and highly similar in terms of maturatiane often used as a model in place of human
gametes. To begin with, bovine oocytes are conlppaiia diameter to human oocytes (Ménézo
& Hérubel 2002), and must reach a size threshold1®fum in diameter in order to resume
meiosis and reach metaphase Il (Fatiral. 1995). Human oocytes must likewise reach a
diameter of 9Qum in order to proceed with meiosis and develop ébaphase Il (Trounsoet al.
2001). Resumption of meiosis, however, does npéexe solely on size of the oocyte; hormonal

stimuli also play a role in regulating nuclear arytoplasmic maturation. When a combination
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of LH and FSH was added to in vitro maturation raediuman and bovine, but not murine,
oocytes displayed increased percentage of oocgtésveng metaphase Il status and developing
into blastocyst-stage embryos by 8 days postiteatibn (Anderieszt al. 2000).

Once maturation has begun, the human and the bmacgtes follow very similar
timelines. From about 0-6 hours, the germinalaless present. From around 6-12 hours, the
germinal vesicle breaks down. From 12-18 hours,dbcyte progresses through metaphase I,
anaphase |, and telophase |, and by 24 hours thdearrests at metaphase Il in the cow (Sirard
et al. 1989, Combellest al. 2002) and in the human (Combelltsal. 2002). As these events
take place within the nucleus, cytoplasmic mataratbccurs simultaneously, including events
such as polyadenylation of mMRNA to be stored aner laanslated into protein (reviewed by
Hennet & Combelles 2012). The bovine and the hufimave a similar degree of mRNA
polyadenylation that is less than that seen imtbease (reviewed by Ménézo & Hérubel 2002).
Inhibition of protein synthesis in the cumulus-otmgomplex, especially at or before 18 hours
of maturation, has been shown to impede meiodisstiting the importance of synchrony
between cytoplasmic and nuclear events (Sigtrdl. 1989). As maturation progresses, the
Golgi bodies within the oocyte decrease in abunelaas they produce cortical granules that
disperse and migrate toward the periphery of theyt@ofor humans (Sathananthan 1994) and
cows alike (Sathananthan 1994, Hennet & Combel(82R For both species, maturation is
complete when the oocyte rearrested at metaphasd#hlicortical granules prepared to empty

their contents into the perivitelline space.
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CHAPTER 3
MATERIALS AND METHODS

Materials

Reagents were purchased from Sigma Chemical Cessirdtherwise noted. Oocyte
collection medium was M-199 with Hank’s salts (Medich, Manassas, VA, USA), containing
1-2% standard FBS (Atlanta Biologicals, LawrendeyiGA, USA), 2 mM L-glutamine, and 50
U/mL penicillin with 50 pg/mL streptomycin (EMD Mipore Corp., Billerica, MA, USA).
Oocyte maturation medium was M-199 with Earle’stssd(Gibco Life Technologies, Grand
Island, NY), containing 10% premium FBS (BioWhittakWalkersville, MD, USA), 50 pg/mL
gentamicin (BioWhittaker), 5 pg/mL FSH (Bionicheel®ville, ON, Canada), 0.2 mM sodium
pyruvate, and 2 mM L-glutamine. Media for spernd gutative zygote (PZ) handling consisted
of sperm Tyrode’s albumin lactate pyruvate (Spewi-H), IVF-TALP, and HEPES-TALP,
prepared according to Parrishal. (1988). Potassium simplex optimized medium wapared
according to Biggerst al. (2000) and modified to contain 1 mM glutamine,® glycine, 1X
non-essential amino acids, 50 U/mL penicillin, &@dug/mL streptomycin (MKSOM). Ovaries
were obtained from a mixture of beef and dairy Basrus breeds at a local abattoir
(Southeastern Provision, Bean Station, TN, USAlJ.gélatin zymography gels and buffers were
prepared according to Toth and Fridman (2001). nGssie Brilliant Blue and glycine were
purchased from MD Biomedicals (Santa Ana, CalifaytdSA).
In Vitro Production of Embryos

In vitro maturation (IVM), fertilization, and emboy culture were performed as
previously described (Lawrenetal. 2004, Edwardgt al. 2005, Schroclet al. 2007). Unless
otherwise specified, groups of ~36 + 5.6 (mode ¥c@0nulus-oocyte complexes per well of 500

ML maturation medium were matured at 38.5°C in 56% and 21% Q in a humidified
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environment. After 24 h of IVM (hIVM), groups ofumulus-oocyte complexes were
photographed with a Nikon Digital Sight camerad@ted to a SMZ 800 bright field microscope
so an individual uninformed of treatment could e cumulus expansion. Also, conditioned
maturation medium was harvested for assessmenawbxmetallopeptidase-9 and progesterone
levels. Immediately thereafter, IVF-TALP and spesere added to cumulus-oocyte complexes
at a concentration of 500,000 motile sperm/mL (fv@ume 500uL). Putative zygotes (PZs)
were denuded of cumulus by vortexing in hyalurosedat 16 to 18 hours after IVF and then
cultured in mKSOM at 38.5°C, 5.5% GQand 7% Qin a humidified environment. The ability
of PZs to cleave beyond the one cell stage wasssadeat approximately 72 hours post IVF
(hpi). Essential amino acids (1X) were added toSOR/ before returning PZs to the incubator.
Blastocyst development was assessed at approxyriitél hpi; stage and quality scores were
assigned as per Schroek al. (2007). Blastocyst stage embryos were fixed usdfg
paraformaldehyde and then stained with 0.5 pg/méedHst 33342 to enumerate nuclei.
Assessment of MMP9 by Gelatin Zymography

Gelatin zymography was used to assess the levdidM®9 in conditioned maturation
medium as per Rispolet al. (2013) with a few modifications. Protein concatibn of
maturation medium was determined using Coomassis BBradford) Assay Kit (Thermo
Scientific, Rockford, IL, USA); then samples weréed with Tris-glycine SDS sample buffer
to achieve a Lg/uL concentration. Gelatin-impregnated 7.5% polykoryde gels were loaded
with 20 pg of protein per sample and run at 12V h prior to development at 37.0°C for 18
h. Gels were stained in Coomassie for 2 h at rmamperature and then destained for 4 h. Dried
gels were scanned and analyzed according to LetskBalkwill (1997) using ImageJ software

(ver. 1.45s; Rasband 1997-2013).
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Progesterone Assay

Progesterone concentrations in conditioned matmatiedium were determined using a
commercially-available solid phase radioimmunoadsafter diluting samples at a 1:8 ratio
with unconditioned media (Coat-A-Count; Siemens MaldSolutions Diagnostic, Los Angeles,
CA). Assay sensitivity was 0.02 ng/mL. Averagé&an and inter-assay CVs were 5.35% and
5.39%, respectively.
Study One: Effects of Adding MMP9 during 24 hIVMt&88.5°C

An initial effort testing the effects of 0, 30 0@ ng/mL rhMMP9 added at 0 hIVM was
suggestive that 300 ng/mL may be beneficial to gmlatevelopment. Soon after collection,
cumulus-oocyte complexes were evenly and randonyriltited to maturation medium
containing 0O, diluent, or 300 ng/mL recombinant lannatent MMP9 (rhMMP9). Recombinant
human proMMP9 was purchased from Calbiochem (Sagd®iCA, USA) and diluted in 50 mM
Tris-buffered saline with 0.05% Brij-35 and 10 mMlaum (four replicates) or from Sino
Biological (Beijing, China) and diluted in phospadiuffered saline (PBS; six replicates). This
experiment was replicated on ten different occasion
Study Two: Effects of Adding MMP9 during last 12WWM on Control and Heat-Stressed
Cumulus-Oocyte Complexes

Bovine cumulus-oocyte complexes were cultured férh2at either 38.5 (control) or
41.0°C (heat stress; first 12 h only and then feansd to 38.5°C) as previously described by
Edwardset al. (2005) and Schroclkt al. (2007). At 12 hlVM, maturation medium was
supplemented with diluent or 300 ng/mL rhMMP9, itBsg in a 2 x 2 factorial treatment
arrangement (Figure 1). This experiment was rafdat on ten different occasions using

rhMMP9 sourced from Sino Biological (PBS diluent).
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Figure 1. Experimental schematic for Study Two. Bovinenalus-oocyte complexes were

cultured at either 38.5 or 41.0°C (first 12 h oahyd then transferred to 38.5°C). At 12 hours of

in vitro maturation (hIVM), all treatment groups mgeremoved from the incubator and

maturation medium was supplemented with diluenB@® ng/mL recombinant human latent

MMP9 (rhMMP9). At 24 hIVM, cumulus expansion wasopographed and conditioned

maturation medium collected to assess levels dfiMB9 and progesterone. Putative zygotes

(PZs) were denuded of cumulus at 16 h post IVF)(hgleavage and blastocyst development

were assessed at 72 and 210 hpi, respectively.
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Study Three: Effects of Adding MMP9 during lastf@VM on Control and Heat-Stressed
Cumulus-Oocyte Complexes

Because a previous study did not detect differenceproMMP9 levels between heat
stress and control cumulus-oocyte complexes uBtihlvM (Rispoli et al. 2013), maturation
medium was supplemented with MMP9 at 18 hIVM. Bavcumulus-oocyte complexes were
cultured for 24 h at either 38.5 (control) or 4C0theat stress; first 12 h only then transferred
back to 38.5°C). At 18 hIVM, maturation medium wagpplemented with diluent, 30, or 300
ng/mL rhMMP9, resulting in a 2 x 3 factorial treant arrangement. This experiment was
replicated on twelve different occasions. Recombirhuman proMMP9 was purchased from
Sino Biological and diluted in PBS (four replicgtes from Abcam (Cambridge, MA, USA) and
diluted in 50% glycerol and 250 mM NaCl in PBS {gigeplicates).
Statistical Analyses

Data were analyzed as a randomized block desigogkinly on replicate, using
generalized linear models (PROC GLIMMIX) in SAS39SAS Inst., Inc., Cary, NC, USA).
For the first study, model included rhMMP9 as a&theffect. For Studies Two and Three, fixed
effects included maturation temperature, rhMMP9 edosnd the interaction of maturation
temperature x rhMMP9 dose. Experimental unit wanéd as a plate containing well(s) of
oocytes. Treatment differences were determineagysiotected least significant differences and
reported as least squares means = SEM using teeselink option.

For the second study, an equivalence test was tostgther examine the proportion of
putative zygotes that developed to the blastodgsgiesfor groups treated with 0 or 300 ng/mL

rhMMP9. Equivalence between 0 and 300 ng/mL rhMNR&tocyst development means was
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set at 6% (two one-sided t tests). In order far tmeans to be considered equivalent (05),
means and their confidence intervals must be wiknof each other.

To examine proportional relationship between thetdeduced changes in proMMP9 and
progesterone levels, percent differences betweenmmtneutral and heat stress levels per
cumulus-oocyte complex were calculated for eachiaae of Studies Two and Three for only
samples without rhMMP9 addition. To increase plosver of this analysis, seven replicates
from the microarray study conducted by Risgbkal. (2013) were included in the correlation. A
Pearson correlation of MMP9 percent differences prmbesterone percent differences was

conducted without blocking on replicate (PROC CORR)
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CHAPTER 4
RESULTS

Study One: Effects of Adding rhMMP9 during 24 hlVMt 38.5°C

Adding rhMMP9 at 0 hIVM increased proMMP9 levels24t hIVM compared to control
counterparts (P = 0.0005; Figure 2A). Levels aigesterone in the conditioned maturation
medium supplemented with 0, diluent, or 300 ng/mMKP9 did not differ at 24 hIVM (P =
0.5049; Figure 2B). After 24 hIVM, no visual difemces were detected in cumulus expansion
among any of the treatment groups examined (datasimmwn). The proportion of putative
zygotes that cleaved and developed to the 8 toelléstage was similar across all three
treatments (Table 1). Likewise, blastocyst develept, stage, quality score, and total number of
nuclei were comparable (Table 1). There were riteréinces between diluent and control
groups.
Study Two: Effects of Adding rhMMP9 during last 12VM on Control and Heat-Stressed
Cumulus-Oocyte Complexes

A priori comparison of 38.5 vs 41.0°C diluent greuf® ng/mL rhMMP9) revealed a
heat-induced decrease in proMMP9 production fromwus-oocyte complexes (75.04 vs 42.05
+ 14.44 arbitrary units for 38.5°C and 41.0°C,pedively; P = 0.0097). When 300 ng/mL
rhMMP9 was added at 12 hIVM, proMMP9 levels weralieglent at 24 hIVM (270.54 vs
279.05 = 77.04 for 38.5°C and 41.0°C, respectivélyz 0.8732), thus allowing for a more
precise test of the hypothesis. Progesterone ptioduper cumulus-oocyte complex was
increased by heat stress exposure (P = 0.0002reFg)uHeat-induced increases in progesterone
at 24 hIVM were highest when 300 ng/mL rhMMP9 wassent in maturation medium (Figure
3). After 24 hIVM, no visual differences in cumalexpansion were detected in any examined

treatment groups (Figure 4).
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Figure 2. Levels of latent matrix metallopeptidase-9 (proM8) and progesterone per
cumulus-oocyte complex (COC) after 24 h of in vitmaturation (hIVM). Media were
supplemented with 0 or 300 ng/mL recombinant hupaMMP9 (rhMMP9) at 0 hIVM.
Effects of the diluent were evaluated by inclusadna group without diluent (0 vs diluent

control.) “EDifferent letters denote statistical differencehirita comparison.
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Table 1. Cleavage and blastocyst development aftsupplementing rhMMP9 at 0 h of oocyte maturation
Cleavage (72.3 = 1.5 hpi) Blastocyst Developn{2a?.5 + 0.5 hpi)

% % % %
rhMMP9 No. Cleaved 8to 16-Cell Blastocysts Blastocysts
(ng/mL) PZs of PZs of Cleaved of PZs of Cleaved Stage Quality Nuclei
0 460 70.94 69.72 29.06 41.49 7.15 2.00 147.35
0 (Diluent) 681 67.47 64.11 27.21 40.65 7.02 2.06 130.43
300 685 68.07 61.38 26.78 39.85 7.12 1.90 141.20
SEM 2.83 4.71 2.14 3.13 0.1388.0803 8.8792
P-value 0.4735 0.1258 0.7020 0.9060.5483 0.1576 0.2294
Abbreviations: hpi = hours post in vitro fertilizah; PZs = Putative Zygotes
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Figure 3. Levels of progesterone per cumulus-oocyte compC) at 24 h of in vitro

maturation (hIVM) when 0 (diluent) vs 300 ng/mL oecbinant human proMMP9
(rhMMP9) was added at 12 h of in vitro maturatibiiv(M) to cumulus-oocyte complexes
matured at 38.5 or 41.0°C (first 12 h only and tiemsferred to 38.5°C)/®Different

letters denote statistical difference within a canigon.
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rhMMP9 Dose (ng/mL)
0 (Diluent) | 300

38.5

41.0

Maturation Temperature (°C)

Figure 4. Representative images of cumulus expansion at@4rhvitro maturation (hIVM) of
bovine cumulus-oocyte complexes cultured at eiB&b or 41.0°C (first 12 h only and then
transferred to 38.5°C) and supplemented at 12 hiMi¥ diluent (phosphate buffered saline) or
300 ng/mL recombinant human latent matrix metaiiigase-9 (rhMMP9). Images were taken
at 10X total magnification. There were no deteletabfferences in cumulus expansion among
cumulus-oocyte complexes matured at 38.5°C withedit (A) or 300 ng/mL rhMMP9 (B) or
matured at 41.0°C (for first 12 h and then restded8.5°C) with diluent (C) or 300 ng/mL

rhMMP9 (D).
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Heat stress exposure during the first 12 hIVM hadeffect on the ability of putative
zygotes to cleave after IVF, but reduced the abiiit cleave to the 8 to 16-cell stage (P =
0.0006) and develop to the blastocyst stage (F086R; Table 2). Heat stress exposure did not
affect stage score or number of nuclei per blastoflable 2).

The presence of rhMMP9 during the last 12 hIVM dased the ability of putative
zygotes to cleave (P = 0.0157) without affectinditgtof cleaved embryos to progress to the 8
to 16-cell stage. The proportion of putative zygothat developed to blastocyst stage tended to
be less when rhMMP9 was present in maturation nmediuring last 12 hIvM (P = 0.0823;
Table 2). An equivalence test confirmed blastodstelopment from putative zygotes in 300
ng/mL rhMMP9 groups was not equivalent to diluerdups (P = 0.0922; means are considered
equal when P< 0.05). Addition of rhMMP9 at 12 h of oocyte mattion did not affect
blastocyst stage or number of nuclei per blastocyghile blastocyst quality was influenced by
an interaction between maturation temperature dddian of rhMMP9 that made the difference
between means different (P = 0.04), the means ttleeswere not different (Table 2).

Study Three: Effects of Adding rhMMP9 during La& hIVM on Control and Heat-Stressed
Cumulus-Oocyte Complexes

Heat stress exposure during the first 12 h of aoydturation reduced proMMP9 levels
in 0 and 30 ng/mL rhMMP9 groups, but addition 003@/mL rhMMP9 resulted in equivalent
levels between heat stress and control groupsQ(BG94; Figure 5A). Heat stress during IVM
increased progesterone production in 0 and 300 InghMMP9 groups, but was equivalent to
control in the presence of 30 ng/mL rhMMP9 groupdAMP9 x temperature interaction; P =
0.039; Figure 5B). After 24 hIVM, although not rseeed, no visual differences in cumulus

expansion were detected across any examined treagraips (data not shown).
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Table 2. Cleavage and blastocyst development aftsupplementing rhMMP9 at 12 h of oocyte maturation

Cleavage (72.32 £ 0.62 hpi ) Blastocyst Develepti{210.68 + 0.81 hpi)
% % % %
No. Cleaved of 8 to 16-Cell of Blastocysts Blastocysts
Effect PZs PZs Cleaved of PZs of Cleaved Stage  Quality Nuclei
Maturation Temperature (°C)
38.5 1677  66.77 59.56 25.3% 37.83 7.16 1.86 137.65
41.0 1633  66.55 51.61 19.74 29.4% 7.19 1.86 133.99
BE 1.57 3.21 1.72 2.23 0.06 0.05 6.31
P-value 0.8940 0.0006 0.0062 0.0003 0.5886  0.9855 0.4238
rhMMP9 (ng/mL)
0 (Diluent) 1655  68.76 56.90 24.12 35.01 7.15 1.86 139.37
300 1655  64.56 53.74 20.77 32.00 7.20 1.85 132.27
BE 1.57 3.22 1.72 22. 0.06 0.05 6.30
P-value 0.0157 0.1561 0.0823 0.1489 4332 0.8982 0.1200
Maturation Temperature x rhMMP9
38.5°C x 0 ng/mL (Diluent) 855 69.40 0.%0 27.85 40.19 7.17 178 143.72
41.0°C x 0 ng/mL (Diluent) 800 68.11 3.53 20.75 30.17 7.13 1:94 135.02
38.5°C x 300 ng/mL 822 64.04 58.92 22.93 35.52 7.14 193 131.58
41.0°C x 300 ng/mL 833 64.95 48.48 18.77 28.67 7.26 1%77  132.96
SEM 1.95 3.54 2.15 2.64 0.08 0.07 7.04
P-value 0.5054 0.4018 0.5318 0.4926 0.2142 0.0400 0.2638

Abbreviations: hpi = hours post in vitro fertilizath; PZs = Putative Zygotes
AB| east squares means within a column differ.
Significant P-values are shown in bold.
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Heat stress decreased the ability of putative Bgytd cleave (P < 0.0001) and develop
further to the 8 to 16-cell stage (P < 0.0001; €a2). Heat stress also decreased the proportion
of putative zygotes that developed to blastocysges{P < 0.0001), yet did not affect stage score
or number of nuclei per each blastocyst.

Supplementation of rhMMP9 during the last 6 hIVMI diot affect the ability of putative
zygotes to cleave or reach the 8 to 16-cell stagedid reduce their ability to progress to the
blastocyst stage (P = 0.0220; Table 3). AdditibnrldMP9 did not affect stage score or
number of nuclei per blastocyst.

Relationship between Heat-Induced Changes in Lev&#l$MMP9 and Progesterone

To examine the relationship between MMP9 and pregese levels in the context of
heat stress, data were combined from studies tddhare (0 ng/mL observations only) and
observations from a previously published study §Bliset al. 2013, n=7 replicates).

Collectively, heat stress decreased proMMP9 praoii¢R24.06 vs 125.79 + 28.52 units per
cumulus-oocyte complex for control and heat stnespectively; P < 0.0001) and increased
progesterone production from cumulus-oocyte congdeduring IVM (883.22 vs 1055.92 +
68.97 pg per cumulus-oocyte complex for control bedt stress, respectively; P < 0.0001). A
Pearson correlation analysis of MMP9 percent diéffiees and progesterone percent differences
revealed an inverse relationship between changedviR9 and progesterone (r = -0.37, P =

0.069; Figure 6).
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Figure 5. Levels of latent matrix metallopeptidase-9 (proM8) and progesterone per cumulus-
oocyte complex (COC) at 24 h of in vitro maturatiiivVM) when 0, 30 or 300 ng/mL of
recombinant human proMMP9 (rhMMP9) was added to/momaturation medium at 18 hIVM.
Cumulus-oocyte complexes matured at 38.5 or 41.@fit& 12 h only and then transferred to

38.5°C). “®*Denotes means differ within a comparison.
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Table 3. Cleavage and blastocyst development aftsupplementing rhMMP9 at 18 h of oocyte maturation

Cleavage (69.94 + 6.77 hpi) Blastocyst Development (211.37 £ 1.25 hpi)
% % % %
No. Cleaved 8to 16-Cell Blastocysts Blastocysts
Effect PZs of PZs of Cleaved of PZs of Cleaved Stage  Quality Nuclei
Maturation Temperature (°C)
38.5 1642 69.76 72.72 26.83 38.8%' 7.22 1.78 140.71
41.0 1723 60.76 62.27 16.3% 26.89 7.14 1.73 136.23
SEM 1.72 3.05 1.96 2.58 @.04 0.055 5.39
P-value  <0.0001 <0.0001 <0.0001 <0.0001 0.0926 0.5422 0.3798
rhMMP9 (ng/mL)
0 (Diluent) 1166 67.23 69.00 24.07 36.04 7.15 1.83 131.24
30 1026 64.45 67.57 19.39 30.35 7.20 1.82  143.07
300 1173 64.48 66.56 2030 31.51 7.18 1.82  141.09
SEM 1.93 3.25 2.09 2.81 052 0.066 5.96
P-value 0.2916 0.6079 0.0220 0.0639 0.6884 0.0396 0.1334
Maturation Temperature x rhMMP9
38.5°C x 0 ng/mL (Diluent) 580 70.33 74.83 30.17 43.10 7.17 1.79 135.74
41.0°C x 0 ng/mL (Diluent) 586 63.97 62.49 18.86 29.55 7.14 1.86 126.75
38.5°C x 30 ng/mL 485 71.64 72.30 26.41 37.04 7.27 1.72 148.21
41.0°C x 30 ng/mL 541 56.55 62.45 13.88 24.39 7.13 1.52 137.93
38.5°C x 300 ng/mL 557 67.20 70.95 24.11 36.54 7.21 1.82 138.17
41.0°C x 300 ng/mL 596 61.65 61.85 16.62 26.87 7.15 1.82 144.00
SEM 2.38 3.67 2.41 3.27 0.065 .090 7.39
P-value 0.0513 0.7364 0.3189 0.7603 .5486 0.2980 0.3544

Abbreviations: hpi = hours post in vitro fertilizah; PZs = Putative Zygotes
AB|east squares means within a column differ.
Significant P-values are shown in bold.
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Figure 6. Correlation of heat-induced percent differenceiant matrix metallopeptidase-9

(proMMP9) and progesterone. Cumulus-oocyte congdexere cultured at 38.5°C for 24 h
of in vitro maturation (hIVM) whereas heat-stresseadmulus-oocyte complexes were
cultured at 41.0°C (first 12 hIVM only and thenrtséerred to 38.5°C). Percent differences
were calculated by expressing the difference int-bgassed levels of proMMP9 and

progesterone per cumulus-oocyte complex as a pageif control levels for each replicate.
Positive values indicate heat-induced reductionsgative values indicate heat-induced

increases. (r=-0.37; P =0.069).
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CHAPTER 5
DISCUSSION

Heat-induced reductions in blastocyst developmesewpreviously related to decreases in
MMP9 production from maturing bovine cumulus-oocgtenplexes (Rispokt al. 2013). Thus,
it was hypothesized that effects of heat stressldorease blastocyst development may be
mediated in part by reductions in MMP9 productiaminlg oocyte maturation. The goal of this
study was to make MMP9 levels equivalent betweest-B#essed and non-stressed oocytes
during IVM in an attempt to improve developmentfrdieat-stressed oocytes. Addition of 300
ng/mL rhMMP9 during IVM made MMP9 levels equal betm heat-stressed and non-stressed
oocytes but was not sufficient to restore develapgmén fact, rhMMP9 addition after 12 hIVM
was detrimental to cleavage and blastocyst devetopm

It was surprising that addition of rhMMP9 had a atage effect because MMP9 has been
positively related to fertility. When Dubog al. (2000) knocked out MMP9 in mice, those mice
had fewer litters and fewer pups per litter in adaling season compared to mice that produced
MMP9. McCafferyet al. (2000) found via gelatin zymography that boviobidle sections that
produced MMP9 during in vitro culture were moreelik to have healthy granulosa and theca
cells. Robertt al. (2001) later discovered that bovine follicles teapressedMP9 mRNA
were also more likely to house oocytes capablecoklbping to the blastocyst stage after IVF.
Similarly, Leeet al. (2005) noted that women with higher levels of MMR follicular fluid and
blood serum as assessed by zymography at the tiroeoyte retrieval were more likely to
become pregnant after IVF. A separate study byk#ler al. (2012) using an enzyme-linked
immunosorbent assay (ELISA) confirmed that higherels of MMP9 in follicles housing
mature oocytes were positively associated with iagy rates after human IVF. Furthermore,

in the bovine, MMP9 levels at 24 hIVM were positiveelated to blastocyst development
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following IVF (Rispoliet al. 2013). In fact, when heat stress was sufficienmetiuce blastocyst
development in observations pooled from a study Rigpoli et al. (2013) and diluent
observations (0 ng/mL rhMMP9) in this study, MMP®guction at 24 hIVM was decreased by
heat stress 92% of the time (23/25 replicates)thddigh the present study is the first to add
MMP9 to maturing oocytes, it was highly unexpectedt doing so would have negative
consequences, given the plethora of data positivghjicating MMP9 in development.

While difficult to explain the negative impact ohMMP9 on blastocyst development,
consequences were likely not due to rhMMP9 soutses] herein. Study One specifically
examined the effect of Calbiochem and Sino Biolaldiluents compared to controls and found
no difference in subsequent embryo developmentho 8iological rhMMP9 was then used for
all replicates of Study Two and four replicatesSttidy Three, thus providing one common
source across all three studies. When replicatds Abcam rhMMP9 were compared to Sino
Biological replicates in Study Three, no appardffecences were noted. Furthermore, despite
being derived from a different species, supplenen®IMP9 was likely able to be used in the
same way as bovine proMMP9. Human proMMP9 is 9G8mdlogous to the bovine form
(HomoloGene, NCBI) and has been shown to interaitt ®ther bovine tissues. For instance,
when bovine bone slices were primed with rat odéste and incubated with rhMMP9, collagen
| degradation was increased (Parilkal. 2001). Bovine-derived collagen type Il can aktso
cleaved by rhMMP9 (Bigget al. 2007). Bovine cumulus-oocyte complexes producewkn
activators of proMMP9 such as the inducible ando#imelial isoforms of nitric oxide synthase
(Tesfayeet al. 2006) and tissue- and urokinases-type plasminagéwators (Parlet al. 1999),

likely enabling activation of rhMMP9. As differe@ in cumulus expansion were not visually
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detected across treatments in all three studigsrdeess of rhMMP9 source, it is unlikely that
effects of rhMMP9 on cumulus expansion contributedifferences in development.
Interestingly, a negative impact of rhMMP9 additimas only noted when present for the
last 12 or 6 hIVM. When rhMMP9 was present for tast 12 hIVM, a four percentage point
decrease in cleavage was observed, accompanied foyrapercentage point decrease in
blastocyst development. When rhMMP9 was preselyt fon the last 6 hIVM, no effects were
seen on cleavage, but blastocyst development destiday close to four percentage points as
well. When rhMMP9 was present during the entireiqok of maturation at the same dose,
however, no effects on development were seen.s fiossible that the deleterious effects of
rhMMP9 supplementation may be due to alterationssensitivity of the cumulus-oocyte
complex as it progresses through maturation. WidtMP9 was added in the last 12 or 6
hIVM, considerably more events were occurring amehelus connections had been lost, perhaps
making the oocyte more sensitive to changes in reafig activity. At the beginning of
maturation, oocytes are arrested at the germinalchee stage; cumulus cells are tightly
compacted and will not lose connection to the oaayttil about 9 hIVM (Thomast al. 2004).
The oocyte may be less susceptible to changes irP®IMoncentration at this time when
cumulus cells are closely associated and meiosiy&iato resume. Germinal vesicle breakdown
does not begin until 6 h after the initiation ofcgte maturation. From 10.3 to 15.4 hIVM,
nuclear maturation progresses to metaphase |, araphs reached by 16.6 hIVM, telophase I is
achieved by 18 hIVM (Siraret al. 1989) with the first polar body extruded around1BhiVM
(Hyttel et al. 1986), and most oocytes rearrest in metaphasg R1bhlVM (Edwardset al.
2005). As maturation progresses in the cytoplaSoigi bodies decrease in abundance, lipid

droplets associate with mitochondria to be metabdlifor energy, and ribosomes and protein
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synthesis increases (Krugpal. 1983). Addition of protein synthesis inhibitonsgp to 18 hIVM
has been shown to prevent the majority of oocytes freaching metaphase I, illustrating the
important connection between cytoplasmic and nu@éanents during maturation (Siraaidal.
1989).

The rhMMP9 doses used in this study may have bbeweaa beneficial range. A decrease
in blastocyst development was noted when 300 ngltMMP9 was added during the last 12 or
6 hIVM, during which time MMP9 production naturaligcreases within the cumulus-oocyte
complex. When a smaller dose of 30 ng/mL rhMMP$ wecluded during the last 6 hIVM, it
was insufficient to make MMP9 levels equivalentviEn heat stress and control, but still
decreased blastocyst development similar to 30ehbghMMP9. In these second and third
studies, MMP9 levels may already have been neamaptand rhMMP9 addition could have
increased MMP9 concentration beyond the range oéfite While MMP9 levels have been
related to fertility, excessive MMP9 has also beslated to reproductive dysfunction. In some
bovine studies, when antral follicles were collect various stages of the estrous cycle, the
highest amount of MMP9 was detected through gelagimography in fluid from cystic or
atretic follicles (Khandokeet al. 2001, Imaiet al. 2003). Similarly, women with polycystic
ovary syndrome were found to have higher levelMbP9 in follicular fluid at time of mature
oocyte recovery compared to a normal group (Shetlalz 2001). Elevated intrafollicular levels
of MMP9 detected via ELISA have also been foundhuman IVF patients with endometriosis
and were associated with reduced in vivo oocyteuratibn and decreased embryo quality
(Singh et al. 2013). Most studies to date, including the pressndy, have used gelatin
zymography, which quantifies MMP9 in relative buit mbsolute terms, so further effort using

ELISA may be needed to more precisely determineptimal range for MMP9 levels.
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Consistent with previous efforts, heat stress dsgé MMP9 production and increased
progesterone production (Rispetial. 2013). These heat-induced changes were coincidént
decreased blastocyst development noted by othets ibovitro (Edwards & Hansen 1996,
Lawrenceet al. 2004, Roth & Hansen 2004) and in vivo (Puteegl. 1989). After combining
observations from this study and a previously @itdd one (Rispolét al. 2013), when heat
stress exposure during IVM was sufficient to reditastocyst development, progesterone
production from cumulus-oocyte complexes measute4ahlVM was increased 72% of the
time (18/25 replicates). Elevated progesteronelymtion in response to elevated temperature
may have superseded any positive effects rhMMP8&dwave provided and may in part explain
the lack of observed benefits from rhMMP9 suppletagon. Furthermore, when examining
these observations, it was noted that greater pereductions in blastocyst development from
control (38.5°C) to heat-stressed (41.0°C) cumolosyte complexes correlated with greater
increases in progesterone production from contrdidat stress (r = 0.37; P = 0.0669; data not
shown). A correlation of percent differences froomtrol to heat stress showed that increases in
progesterone were inversely related to decreaskdviR9, adding support to the theory that the
two factors are related.

Independent of MMP9, increased progesterone lewvdlsing maturation reduces
development to the blastocyst stage in the bov@ilwd & Knight 2000, Schlliteet al. 2014).
The negative impact of elevated progesterone mayuseto its hastening effect on oocyte
maturation. Progesterone supplementation durig f¥sulted in a higher percentage of bovine
oocytes reaching Mll by 22 hIVM whether culturedaiserum-free environment (Sirotkin 1992)

or in follicular hemisections (Siqueis al. 2012). In pigs, increased progesterone production

39



from cumulus-oocyte complexes corresponded withezarnset of germinal vesicle breakdown
(Yamashiteet al. 2003).

Heat stress also hastens oocyte maturation, astness$ application during the first 12 hIVM
resulted in the majority of oocytes reaching MIl b§ hIVM (Edwardset al. 2005), yielding
aged and less developmentally competent oocytelyivVM (Wardet al. 2002). The aging
effect of heat stress may be mediated by progesteas elevated temperature increased
progesterone production both from cumulus cellsgBliet al. 2013) and from dominant follicle
sections primed with LH during in vitro culture {Bgeset al. 2005). Because increased
progesterone production has been observed in botlulas and mural granulosa cells, the effect
of heat stress to increase progesterone may be pnoneunced in vivo. Chaffiet al. (2012)
showed that cumulus revert to a mural granulosa-fitate after exposure to gonadotropins.
Cumulus observations may therefore provide insigtd the actions of heat stress on mural
granulosa after the LH surge, indicating a possie@ation in intrafollicular progesterone levels
during in vivo oocyte maturation. An exhaustivarsé of the literature did not reveal any study
examining follicular fluid from heat-stressed coeadlected after the LH surge.

If progesterone is indeed contributing to decreadeeelopmental competence, this would
account for the lack of improvement seen when rhNM¥as added during IVM, especially
given that progesterone levels were unaffectedightly elevated in the presence of rhMMP9.
Interestingly, when 30 ng/mL rhMMP9 was added ahN8VI, progesterone levels at 24 hiIVM
were equivalent between control and heat stresspgraout blastocyst development was still
lower than 0 ng/mL rhMMP9 groups. Neither progeste nor MMP9 alone can account for
changes in development, but a relationship betwleertwo may come closer to providing an

explanation.
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Progesterone has been shown to regulate MMP9 piiodun other tissues, and its
supplementation has decreased MMP9 activity irbrain cortex (Ishragt al. 2010) and human
endometrium (Salamonsesh al. 1997). Inhibition of progesterone allowed for iaorease in
MMP9 production in murine (Let al. 2012) and human (Marbakt al. 1992) endometrium.
Progesterone may decrease MMP9 activity througkgupation of TIMP1, an MMP9 inhibitor
(Chaffin & Stouffer 1999, Lahav-Barat& al. 2003) or inhibit transcription of MMP9 by
preventing the binding of NkB to the MMP9 promoter region (Lét al. 2012, Halasz &
Szekeres-Bartho 2013). While there are compatgtif@ver studies documenting MMP9
effects on progesterone production (Jamnoregjial. 2005, Carbajakt al. 2011), the present
study revealed increased progesterone secretiom dtomulus-oocyte complexes at 24 hIVM in
response to heat stress exposure and rhMMP9 additid2 hIVM. This is suggestive of either
a feedback relationship between MMP9 and progesteos may simply indicate that the two
factors are regulated through different pathwaysedding on the tissue examined.

Nevertheless, addition of rhMMP9 at evaluated doaed times did not restore
development of heat-stressed oocytes and was Bctdatrimental. Bovine oocytes are
comparable to human oocytes, having similar requargs and timelines for maturation (Sirard
et al. 1989; Andrieszt al. 2000; Combellest al. 2002). Supplementation of rhMMP9 should
therefore not be considered for use in human empryduction at this time. While MMP9 may
be useful as an indicator of oocyte developmemahpetence (Kimet al. 2006), the present
study indicates that addition of rhMMP9 at dosesteté is not sufficient to alleviate heat-induced
decreases in blastocyst development. Other fadctmisding progesterone may need to be

examined as possible mediators of heat stresst®ffec
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