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ABSTRACT

Uterine inflammation is one of the causes of a poor uterine environment. This can
result in early embryonic loss in the mare due to an inhibition of or an increased secretion
of prostaglandin F,a (PGF,a). Oxytocin binds to endometrial cell receptors to activate
prostaglandin synthesis. Increased secretion or accumulation of PGF,a within the uterus
due to uterine inflammation can cause luteolysis and result in early embryonic loss.
Supplementation with polyunsaturated fatty acids (PUFAs) has been shown to influence
prostaglandin production in many species, although the effects on the mare remain
unknown. Equine endometrial biopsies were collected and used to establish endometrial
epithelial cell and explant cultures to determine the release of PGF,a and PGFM in
response to oxytocin stimulation. Endometrial explant cultures were used to determine
the inhibitory effects of Atosiban, an oxytocin receptor antagonist, and Indomethacin, a
cyclooxygenase-2 inhibitor, on PGF,a secretion. Endometrial explant cultures were
challenged with oxytocin (250 nM) and PGF,a concentrations were measured over time.
The effects of PUFAs on equine endometrial prostaglandin production were determined
using endometrial biopsies harvested on day two of behavioral estrus. Equine endometrial
cells were established and shown to replicate in culture and on a basement membrane
matrix. Equine endometrial explants stimulated with oxytocin had increased secretion of
PGF,a and PGE, and the secretion of PGF,a was inhibited through an oxytocin receptor
antagonist and Cox inhibition. Endometrial explants stimulated with lipopolysaccharide
had increased secretion of PGF,a and PGE,, however oxytocin stimulated to a greater

extent than LPS. Supplementation with PUFAs, specifically DHA, decreased the
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secretion of PGF,a and PGE,, however AA and EPA failed to influence this response.
Expression of mRNA was not influenced by fatty acid supplementation, however was
altered by stimulus. Therefore DHA influences the inflammatory response in vitro
through mechanisms other than enzyme expression. Decreased PGF,a production
associated with PUFA supplementation in vitro, creates a likely approach for decreasing
early embryonic loss associated with post breeding inflammation commonly seen in the

equine industry.
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CHAPTER 1
LITERATURE REVIEW
Introduction
Uterine infection, inflammation, and early embryonic loss are major
factors contributing to low pregnancy rates in the equine industry. Early embryonic loss
is also a major problem in the cattle industry. Every year 4.71 million calves are lost to
poor reproductive efficiency in the United States (Roesler, 2007). In aged mares, early
embryonic loss occurring before day 14 post ovulation can be as high as 70% (Ball et al.,
1986). Dietary supplementation with omega-3 fatty acids has been found to lower the
incidence of early embryonic loss in cattle. The effects of omega-3 fatty acid
supplementation on uterine function in the mare have not yet been determined. Potential
benefits of omega-3 fatty acid supplementation, especially for older mares or mares with
poor reproductive tract physiology, include increased pregnancy rates, decreased early
embryonic losses, and increased pre-ovulatory follicular size. If benefits are found from
omega-3 fatty acid supplementation, the equine breeding industry would profit from
increased reproductive efficiency and decreased economic losses associated with early
embryonic demise. Proven fertility benefits with dietary supplementation of
polyunsaturated fatty acids (PUFAs) have been found in the cow, ewe, rat, and human.
Dietary supplementation with omega-3 fatty acids in the mare and influences on
reproductive function and inflammation has not been described in the literature.
However, a potential role for omega-3 fatty acids in female reproductive function has

been documented in a number of mammalian species. This review will describe the



uterine inflammatory response and the potential to utilize dietary supplementation of

omega-3 fatty acids to enhance reproductive function in the mare.
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The Inflammatory Response
Endometritis and early embryonic loss

Persistent endometritis causes decreased conception rates in the brood mare and is
considered one of the top three clinical problems facing the equine industry (Troedsson,
1999). Endometritis that persists following mating affects 15% of mares and reduces
fertility (Rigby et al., 2001). In the normal mare, physical barriers protect the
reproductive tract from external contamination. If these barriers become compromised,
the mare is susceptible to uterine infection. Breeding, regardless of whether it is natural
service or by artificial insemination, also causes an inflammatory response, which can
lead to uterine infections in some mares.

In the mare, early embryonic loss is the failure to retain pregnancy between
fertilization and day 40 of gestation (Vanderwall, 2008). In a review by Vanderwall
(2008), early embryonic loss incidence in the equine industry ranged from 2.6% to
30.0%, with the highest early embryonic loss of 20.0% to 30.0% occurring in mares
eighteen years of age or older. Early embryonic loss between fertilization and day 14 is
much higher for aged mares (60% to 70%) as compared to young mares (<10%) (Ball et
al., 1986 and 1989). Costs associated with additional breeding of the mare and decreases
in foaling rates due to early embryonic loss create an economic loss for the equine
industry; therefore if dietary supplementation with PUFAs proves beneficial in the mare,
the equine industry could profit greatly from these affects.

Inflammation associated with persistent endometritis typically causes an increase

in PGF,a secretion and frequently results in premature luteolysis and early embryonic
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loss (Neely et al., 1979). Early embryonic loss can result from an increase in
prostaglandin F,a secretion during early pregnancy (Mattos et al., 2003). When
inflammation persists after fertilization, bacteria, fluid, and inflammatory products can
create a hostile environment, which is unsuitable for survival of the conceptus (Smith et
al., 1971). Foreign material, bacteria, spermatozoa, and seminal components trigger an
inflammatory response in the uterus of the mare. Lehrer and colleagues (1988)
discovered that inflamed areas are first invaded by the inflammatory cells,
polymorphonuclear neutrophils (PMNs). An influx of PMNs into the uterine lumen is the
first indication of an inflammatory response and occurs within 30 minutes following
breeding or insemination (Troedsson et al., 2001; Katila, 1995). Rapid migration of
PMNss into the uterine lumen is thought to be mediated by chemoattractive properties of
uterine fluid, in which PMN-chemotactic mediators are quickly released from the uterus
in response to foreign material (Pycock and Allen, 1988). Phagocytosis and opsonization
of foreign material also occurs through complement proteins. Complement protein 3 (C3)
is the most abundant of all complement proteins found in the body (Sompayrac, 2008)
and the presence of C3 and complement cleavage factors have been shown in the equine
reproductive tract (Watson et al., 1987; Troedsson et al., 1993). The complement cascade
serves as part of the innate immune response to defend against foreign material and
bacteria by increasing vascular permeability, chemotaxis, lysing of bacteria through the
membrane attack complex, and opsonization of bacteria (Troedsson, 1999; Sompayrac,
2008). Activation of the complement cascade by equine spermatozoa is thought to induce

PMN chemotaxis (Troedsson, 1995). The protein C3 is cleaved in the body into reactive
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protein fragments, one of which is C3b (Sompayrac, 2008), where along with
immunoglobulins (IgG and IgA), serve as opsonins for PMNs (Troedsson et al., 1993).
Arachidonic acid metabolites, leukotriene B4 (LTB,), prostaglandin E, (PGE,), and
PGF,a, are important inflammatory mediators in the mare and are believed to serve as
chemoattractants for PMNs (Troedsson, 1999; Watson et al., 1988; Pycock and Allen,
1988). Leukotriene B4 is produced from leukocytes and stimulates the activation and
adhesion of leukocytes to the endothelium, which along with PGE; enhances plasma
leakage (Watson et al., 1988). Cytokines released from lymphocytes and macrophages
during inflammation trigger various cascades of inflammatory mediators. Interleukin 1
(IL-T) stimulates the production of prostaglandins by increasing synthesis of
cyclooxygenase 2 (Cox-2) and inducing expression of terminal enzymes, such as
prostaglandin synthases E and F (PGES, PGFS). Interleukin 1 decreases 15-hydroxy-
prostaglandin dehydrogenase (PGDH), which is responsible for the conversion of PGF,a
into its metabolite. Phagocytosis of the foreign material in the uterus will also cause the
release of PGF,a. This release causes myometrium contractions, which aid in the
expulsion of dead spermatozoa and contaminating material from the uterus.

In the healthy mare, post-breeding inflammation is cleared within twenty-four
hours (Katila, 1995). Prostaglandin levels and inflammatory products decrease once the
inflammation is cleared. Although in older and susceptible mares the inflammation
persists due to fluid accumulation that cannot effectively be dispelled, which can
decrease conception in these mares. Early embryonic loss in the equine can be

contributed to a number of factors, including poor uterine environment. Uterine infection



18

and inflammation are likely the primary causes of creating a poor uterine environment
(Adams et al., 1987; Dimock and Edwards, 1928; Saltiel et al., 1986).
Spermatozoa and seminal plasma effects

Seminal plasma has been shown to suppress chemotaxis and migration of PMNs
in vitro, as well as have an immunosuppressive effect on various parts of the immune
system in different species (Troedsson, 1995; Fahmi et al., 1985). Seminal plasma is
therefore believed to modulate uterine inflammation, allowing spermatozoa to travel
through the uterus to the oviducts. Troedsson and colleagues (2002) demonstrated the
inflammatory reaction was of shorter duration when seminal plasma was included in the
inseminate, likely due to an altered inflammatory response, however the mechanism is
not clear. Typically there is an enhanced uterine inflammatory response in mares bred
with frozen/thawed semen, possibly due to removal of seminal plasma (Troedsson, 1995).
Seminal plasma also may provide protection to the spermatozoa against phagocytosis and
inflammatory factors. When spermatozoa are introduced into an inflammatory
environment, they bind to PMNs and form large clusters, decreasing motion and
mobility. Troedsson and researchers (2002) have shown support for the protective role of
seminal plasma in vitro and in vivo, by decreasing the binding between spermatozoa and
inflammatory cells.
Mares susceptible and resistant to endometritis

Mares with delayed uterine clearance following breeding can incur persistent
endometritis that can result in reduced fertility. During pregnancy, repeated and

prolonged stretching of the uterus occurs and can result in reproductive structural changes
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that could increase the intensity and duration of an inflammatory response within the
uterine lumen. It has also been suggested that mares susceptible to uterine infections have
depressed immune responses, impaired or deficient PMNs, and/or opsonin (complement
cleavage factor and immunoglobulins) dysfunction (Watson et al., 1987; Troedsson et al.,
1993). Watson and colleagues (1987) demonstrated inhibited migration of blood
neutrophils and decreased phagocytic capabilities of uterine neutrophils from susceptible
mares as compared to resistant mares. Uterine secretions from susceptible mares also
showed a decrease in the ability of neutrophils to promote bactericidal activity, not
related to a deficiency in complement activity. Troedsson and colleagues (1993) found
susceptible mares showed a constant decline in IgG and C3 concentrations at 36 hours
compared to resistant mares, which demonstrated an increase in opsonin concentrations.
Concentrations were similar during the first 24 hours following infection, therefore an
immunoglobulin deficiency is not likely the cause of persistent uterine infections in
susceptible mares. Rigby et al. (2001) found an intrinsic contractile defect of the
myometrium in mares with delayed uterine clearance, suggesting it might contribute to
reduced uterine contractility and lead to a uterine infection in susceptible mares.
Summary

The inflammatory response in healthy mares consists of an influx of PMNs,
opsonization and phagocytosis of foreign material, and the clearance of fluid and
contaminating material within an appropriate time period. This inflammatory response
can be influenced by the removal or addition of seminal plasma to the inseminate. Mares

prone to infection or persistent endometritis are at increased risk of early embryonic loss,
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possibly due to compromised external genitalia, impaired or deficient PMNs and
immunoglobulins, opsonin dysfunction, and/or a myometrial defect. Regardless of cause,
prolonged uterine inflammation can increase secretion of PGF,a and create an unsuitable

environment for the embryo, decreasing fertility in the susceptible mare.
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Prostaglandins

Prostaglandin secretion and synthesis involves an intracellular cascade of actions.
The arachidonate cascade has three major pathways, including cyclooxygenase,
lipoxygenase (iron containing enzyme that catalyses the dioxygenation of PUFAs in
lipids), and epoxygenase (an enzyme that produces signaling enzymes involved in cell
proliferation) (Smith et al., 1991). The cyclooxygenase pathway includes the formation of
prostaglandins, leukotrienes, and thromboxanes from arachidonic acid in three phases.
The first phase is the mobilization of arachidonic acid: Arachidonic acid is cleaved from
the sn-2 position of the membrane phospholipids through the activation of phospholipase
C (PLC) or A; (PLA)) (Smith et al., 1991). Arachidonic acid is converted into
prostaglandin G, (PGG) via prostaglandin endoperoxide H synthase-1 or -2 (also known
as Cyclooxygenase and PTGS). Prostaglandin G; is further converted into prostaglandin
H, (PGH») by cyclooxygenase-1 or-2 (Cox-1 and Cox-2). The rate limiting step in the
production of prostaglandins occurs during the conversion of arachidonic acid into PGH,.
Cyclooxygenases-1 and -2 are considered to be the rate limiting enzymes in production of
endometrial prostaglandins (Arosh et al., 2002), as they convert arachidonic acid into
PGH,. Cyclooxygenase-1 is expressed in various cell types and it appears that acute
stimuli do not regulate the expression or release of Cox-1 (Burns et al., 1997); whereas
Cox-2 is inducible, expressed in fewer tissue types, and is acutely regulated.
Cyclooxygenase-2 can be regulated by acute stimuli, including hormones and growth
factors, during the synthesis of prostaglandins (Burns et al., 1997) and is likely

responsible for the main production of prostaglandins during an inflammatory response
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because of its inducible capabilities (Crofford, 1997). It also appears Cox-2 is the
predominant form expressed in ovine and bovine endometrium throughout the estrous
cycle (Burns et al., 1997; Arosh et al., 2002). The conversion of PGH; into PGF,a occurs
through a reduction via PGFS, and PGE,, PGI,, and PGD, through isomerization via
PGES, PGIS, and PGDS, respectively (Smith, 1992). There are three isozymes of PGES,
two microsomal (PGES-1 and PGES-2) and one cytosolic (PGES-3). Prostaglandins F,a
and E, are both produced in the endometrium and myometrium of uteri of various
animals. Prostaglandin Fa plays a vital role in luteolysis and is secreted from the
endometrium in pulses in response to endogenous oxytocin. Luteolysis or pregnancy
recognition occurs on days 15-17 of the bovine estrous cycle (Arosh et al., 2002) and on
day 14 of the equine estrous cycle. In the bovine, PGF,a secretion is inhibited by
interferon t and prevents luteolysis during early pregnancy. PGE; is believed to also be
involved in maternal recognition in ruminants by acting as a temporary luteotrophic

signal or having antiluteolytic actions (Pratt et al., 1977; Asselin et al., 1997).



23

Cell membrane phospholipids
l Phospholipase A,
Arachidonic Acid

Cyclooxygenase-1 (Cox-1)
Cyclooxygenase-2 (Cox-2)
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PGFQ(X — PGE2 PGD2 PGIQ

NDa 11-ketoreductase

Figure 1.1 Prostaglandin Biosynthesis.

The hormone-like chemicals, prostaglandins, are produced on demand and there is
no storage of them within the body; therefore the half life of prostaglandins is very short.
Prostaglandin F,a is quickly degraded in vivo to a more stable, biologically inactive
metabolite 13, 14-dihydro-15-keto PGF,a (PGFM) by 15-hydroxy-prostaglandin
dehydrogenase (PGDH). This enzyme is found in high levels in lung, liver, and placenta

tissues (Farina et al., 2004). Due to the short half-life of prostaglandins, they send signals
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in a paracrine (locally within the reproductive tract) or an autocrine (acting within the
same cell in the endometrium) fashion.

Prostaglandins control and influence many processes throughout the body,
including regulation of blood pressure and clotting, sleep, labor, and inflammatory
processes (Mitchell et al., 1992). In reproduction, prostaglandins have three main
functions, including causing ovulation, luteal maintenance and regression. When PGF,a
is given by subcutaneous, intramuscular, or intrauterine routes, it has been shown to
cause luteolysis in the mare (Allen and Rowson, 1973). Endogenous prostaglandin
release can be stimulated by the hormone oxytocin. Oxytocin is released from the
posterior pituitary gland and travels to the uterus where it binds to a G coupled protein
receptor to stimulate PGF,a release (Gimpl and Fahrenholz, 2001). Oxytocin is released
in pulses, causing the uterus to respond with pulsatile PGF,a release. Prostaglandin F,a,
in return, stimulates the release of oxytocin from luteal cells on the corpus luteum in
ruminants (McCracken et al., 1999). Prostaglandin receptors have been found on the
plasma membrane of granulosa derived luteal cells in many species (McCracken et al.,
1999). In contrast in non-ruminants, PGF,a secretion from the uterine endometrium is
stimulated by oxytocin, but it is believed there is no additional PGF,a release from luteal
cells’ release of oxytocin. Oxytocin and PGF,a create a positive feedback loop that is
believed to be necessary for luteolysis (Silvia et al., 1991). This feedback mechanism
stimulates greater secretion of PGF,a from the uterus that may be required for regression
of the corpus luteum. High concentrations and prolonged exposure to oxytocin and

PGF,a can create desensitization of uterine and luteal tissues to further stimulation for
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approximately 6-8 hours (Silvia et al., 1991). Therefore, this refractoriness of the tissue to
oxytocin and PGF,a is believed to help establish the pulsatile release of PGF,a needed
for luteolysis.

Endocrine regulation of uterine PGF,a production and secretion has not been
determined in the mare, although it has been shown PGF,a release from the endometrium
results in luteolysis (Irvine, 1995). In 1985, Betteridge and colleagues demonstrated the
administration of oxytocin to mares in late diestrus caused an increase in peripheral 13,
14-dihydro-15-keto PGF,a (PGFM) plasma concentrations, suggesting oxytocin’s role in
luteolysis. Exogenous administration of oxytocin has been shown to stimulate PGF,a
release from the endometrium and cause luteolysis (Goff et al., 1987). Moreover, the
secretion of uterine endometrial PGF,a in response to oxytocin administration has been
shown to be dependent on stage of estrous (Sharp et al., 1997). Similarly, oxytocin
stimulated equine endometrial explants demonstrated variable response during culture
with maximal release on day 14 post ovulation (King and Evans, 1987). Furthermore,
porcine endometrial cell cultures showed variable prostaglandin release with lowest
production on days 6-8 (Blitek and Ziecik, 2004). In contrast, PGF,a production from
equine endometrial epithelial and stromal cell cultures was not affected by day of cycle
(Watson et al., 1992). However, most research demonstrates low secretion of PGF,a
during estrus, with increasing concentrations during diestrus and maximal secretion
around luteolysis (Vernon et al., 1981; King and Evans, 1987). Therefore, oxytocin
stimulated PGF,a production should be possible from equine endometrial cultures

throughout the estrous cycle.
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Prostaglandin production by cell type

Prostaglandin production in response to oxytocin stimulation has been previously
evaluated in equine endometrial explant and cell cultures (King and Evans, 1987; Nash et
al., 2008; Watson et al., 1992). Concentrations of PGF,a were higher in oxytocin
stimulated endometrial glandular epithelial cell cultures as compared to non-stimulated
epithelial cells (Watson et al., 1992). Equine endometrial glandular epithelial cells
secreted higher concentrations of PGF,a during culture as compared to endometrial
stromal cells following 24 hours (Watson et al., 1992), demonstrating PGF,a secretion is
mainly from endometrial epithelial cells. Similarly, porcine endometrial epithelial cell
cultures produced higher levels of PGF,a as compared to endometrial stromal cells
(Blitek and Ziecik, 2004).

Overall prostaglandin production varies by cell type and species, but differences
are also observed in PGF,a versus PGE,; secretion. Porcine myometrial explants secrete
higher concentrations of PGE; as compared to PGF,a when stimulated with oxytocin
(Franczak et al., 2006). Prostaglandin release from endometrial epithelial cells appears to
be predominantly PGF,a, whereas stromal cells produce mainly PGE,. Furthermore,
porcine stromal cell cultures produced higher levels of PGE; as compared to PGF,a
(Blitek and Ziecik, 2004). Bovine endometrial epithelial cells released higher
concentrations of PGF,a as compared to PGE, following 6 hours of culture (Tithof et al.,
2007). These studies conclude prostaglandin production is dependent on cell type and day
of the estrous cycle, with highest concentrations of PGF,a release occurring around the

time of luteolysis.
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Steroid hormones and prostaglandins

Estrogen and progesterone both appear to regulate the synthesis of prostaglandins
from the endometrium. Porcine endometrial glandular epithelial and stromal cells
experienced enhanced basal release of PGF,a when cultured with progesterone
(Carnahan et al., 2002). Estrogen has been shown to modestly stimulate production of
prostaglandins from uterine tissue in several species (McCracken, 2004). Progesterone
failed to influence prostaglandin production in equine endometrial explants; however in
vitro exposure to estrogen following prolonged progesterone exposure had a stimulatory
effect on PGF,a secretion (Vernon et al., 1981). In the ovine, McCracken (1980)
discovered estrogen and progesterone indirectly control PGF,a secretion by regulating
oxytocin receptors in the endometrium. Following the decline or removal of
progesterone, there is an increase in estrogen and oxytocin receptors. Similar regulatory
mechanisms have been found in the cow, sow, and mare (McCracken et al., 1999). The
lipophilic steroid hormone, progesterone, is believed to modify the fluidity of cell
membranes and influence receptor and ligand binding (Dunlap and Stormshak, 2004). In
ovine endometrial plasma membrane, progesterone was shown to have a suppressive
effect on the binding of oxytocin following in vivo and in vitro exposure (Dunlap and
Stormshak, 2004). Furthermore, progesterone decreased the stimulatory effect of
oxytocin on bovine myometrial cells without affecting the mRNA expression of Cox-2,

PGFS, or PGES (Slonina et al., 2009).
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Prostaglandin and enzyme expression

Enzymes involved in the synthesis of prostaglandins include PLA,, Cox-1, Cox-2,
and PG synthases. Phospholipase C and protein kinase C are also involved in the
biosynthesis pathway if production is being stimulated by oxytocin. The mRNA and
protein expression of key enzymes involved in prostaglandin biosynthesis have been
evaluated throughout the estrous cycle in many species. Immunohistochemical analysis
of protein expression distribution in equine endometrium demonstrated co-localization of
Cox-2, PGES, and PGFS in the epithelial cells (Boerboom et al., 2004), indicating
epithelial cells are responsible for the majority of prostaglandin synthesis. Throughout the
estrous cycle, expression of Cox-1 mRNA was low in equine endometrial biopsies (Atli
et al., 2010). Likewise, bovine endometrial tissue lacked expression of Cox-1 mRNA and
protein during the estrous cycle (Arosh et al., 2002). In contrast, Cox-2 mRNA
expression was high on days 13-21 and low on days 1-12, similar to the expression
pattern of PGES (Arosh et al., 2002). Similarly, in sheep, Cox-2 mRNA expression was
found to be highest on days 12-14 and lower during early diestrus in endometrial cells
(Charpigny et al., 1999). Furthermore, Cox-2 mRNA expression in equine endometrium
increased around the time of luteolysis (Boerboom et al., 2004; Atli et al., 2010). This
data suggests that Cox-2 is the primary enzyme involved in the synthesis of
prostaglandins from the endometrium. Alternatively, monkey ovarian epithelium
produced mainly PGE, and Cox-1 is likely responsible for this production versus Cox-2
(Cabrera et al., 2006), demonstrating differences in expression dependent upon species

and tissue type.
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In bovine endometrial tissue, there was a correlation between mRNA expression
of Cox-2 and PGES (Arosh et al., 2002). Therefore, production of PGE, from the bovine
endometrium is produced via the Cox-2 and PGES pathway during the estrous cycle.
Similarly, ovine endometrial cells released the greatest concentrations of PGE, when
Cox-2 was highly expressed (Charpigny et al., 1999). In contrast, ovine endometrial cells
production of PGF,a is not correlated with changes in expression of Cox-2 around the
time of luteolysis (Charpigny et al., 1999). In the equine, PGFS and PGES mRNA
expression remained the same throughout diestrus, with no increase around the time of
luteolysis, and was unaffected by pregnancy status (Boerboom et al., 2004). In contrast,
Atli and colleagues (2010) observed increased PGFS and PGES mRNA expression in
both cyclic and pregnant mares during diestrus as compared to estrus. Expression of the
synthases was highest around the time of expected luteolysis, and decreased following
luteolysis in cycling mares (Atli et al., 2010).

Pregnancy status has been shown to affect release of PGF,o by decreasing
expression of Cox-2 in the endometrium of mares, affecting the overall release or
pulsatility of PGF,a. The increase in expression of Cox-2 mRNA observed in the cycling
mare does not occur in the pregnant mare (Boerboom et al., 2004). Similarly, Cox-2
mRNA expression was increased during early luteolysis and suppressed by pregnancy in
equine endometrial biopsies (Atli et al., 2010; Ealy et al., 2010). In contrast, increases in
Cox-2 mRNA expression occurred in both pregnant and cycling ewe endometrium
(Charpigny et al., 1999). In porcine myometrial explants, Cox-2 protein levels were

similar in cyclic and pregnant animals on days 14-16 (Franczak et al., 2006).
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Furthermore, PGES was higher during pregnancy in the porcine as compared to time of
luteolysis, whereas PGFS had the highest expression around luteolysis (Franczak et al.,
2006). This data suggests a species difference in the expression of Cox-2 as it relates to
pregnancy status.

Cyclooxygenase-1 mRNA expression was unaffected by day of cycle or early
days in pregnancy in equine endometrium (Atli et al., 2010). Although on days 18 and 22
of pregnancy, mRNA expression of Cox-1 was up-regulated (Atli et al., 2010).
Furthermore a strong correlation was found between the expression of Cox-2 mRNA and
PGF,a release in the mare (Boerboom et al., 2004). This suggests that PGF,a release
must be blocked by some means during pregnancy, suggesting the conceptus prevents the
increase in mRNA expression of Cox-2. Atli et al. (2010) demonstrated equine
endometrial explants exposed to conceptus secretions decreased mRNA expression of
Cox-2. Similarly, the presence of a conceptus inhibited induction of Cox-2 on day 15 in
pregnant mares as compared to cyclic mares (Boerboom et al., 2004).

Hormonal regulation of enzymes involved in prostaglandin biosynthesis has been
evaluated in many species to determine the role of these enzymes in maternal recognition
of pregnancy. In porcine endometrial explants treated with estrogen, there was increased
expression of PGES mRNA and Cox-2 and PGES protein, which led to increased
secretion of PGE, (Waclawik et al., 2009). Estrogen also decreased PGFS protein
expression, but did not affect expression of PGFS or PGF,a release from porcine
endometrial explants (Waclawik et al., 2009). In contrast, progesterone did not influence

the protein levels or mRNA expression of Cox-2, PGES, or PGFS in bovine myometrial
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cells, even when stimulated with oxytocin (Slonina et al. 2009). Therefore, progesterone
inhibits the stimulatory effects of oxytocin on prostaglandin production and enzyme
expression.
Interleukin effects on enzyme expression

Interleukin-1 (IL-1) has been shown to stimulate the production of prostaglandins
from the endometrium and change expression of key enzymes involved in the
biosynthesis of prostaglandins. In bovine endometrial cells incubated with IL-1A,
expression of Cox-2 and PGES-1 mRNA and protein increased, whereas Cox-1, PGES2,
and PGFS mRNA and protein expression was not affected (Tanikawa et al., 2008).
Therefore, increased prostaglandin production due to IL-1 stimulation is likely due to
increased expression of Cox-2 and PGES-1 protein and mRNAs.
Oxytocin effects on enzyme expression

Intracellular mechanisms of oxytocin stimulation of PGF,a have been evaluated
in numerous species. Stimulation of equine endometrial explants with oxytocin increased
mRNA expression of Cox-2 following 6 and 24 hours of culture as compared to un-
stimulated explants (Ealy et al., 2010). In porcine myometrium, oxytocin increased
expression of Cox-2 protein, but did not alter the protein expression of PGES or PGFS
(Franczak et al., 2006). Burns and colleagues (1997) demonstrated oxytocin induces an
increase in the expression of Cox-2 mRNA in association with an increase in PGF,a
secretion in ovine endometrial tissue in vivo. Similarly, bovine endometrial epithelial
cells stimulated with oxytocin had increased mRNA expression of Cox-2 as compared to

un-stimulated cells; however expression of Cox-1 and PLA, mRNA was not affected by
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oxytocin stimulation (Asselin et al., 2008). Therefore, it is believed that oxytocin does
not regulate the gene expression of Cox-1 or PLA,, but does have regulatory affects on
Cox-2 mRNA expression. Oxytocin could also control or stimulate these enzymes at the
protein level. Moreover, oxytocin has been shown to increase the PLA; protein

expression and activity in bovine endometrial epithelial cell cultures (Tithof et al., 2007).
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Oxytocin

Oxytocin is a mammalian hormone produced by the hypothalamus and in luteal
cells in the ruminant. It has also been shown to be synthesized in other peripheral tissues,
such as the uterus, placenta, heart, testis, and amnion. Oxytocin has been shown to
remain at similar concentrations throughout the estrous cycle and the ovaries are not a
source of oxytocin in the mare (Stevenson et al., 1991). Oxytocin mRNA expression has
been reported in the endometrium of the mare, with maximal expression during late
diestrus and early estrus (Behrendt et al., 1997). Oxytocin gene expression has been
found to be high in the paraventricular and supraoptic nuclei of the hypothalamus (Gimpl
and Fahrenholz, 2001). It is then stored and released from the posterior pituitary gland.
Oxytocin is released in response to parturition, suckling, and certain stressors. In order
for oxytocin to stimulate prostaglandin synthesis, it must bind to its receptor. The
oxytocin receptor is a seven transmembrane class I G protein coupled receptor that is
coupled with a G4 protein to phospholipase C (PLC) (Gimpl and Fahrenholz, 2001). Once
oxytocin binds to its receptor, the G a and P proteins activate PLC. Phospholipase C
generates diacylglycerol (DAG) and inositol triphosphate from phosphatidylinositol,
which in turn stimulates Ca®* release and protein kinase C (PKC) (Gimpl and Fahrenholz,
2001). The intracellular release of calcium leads to smooth muscle contractions through
activation of the myosin light-chain kinase (Gimpl and Fahrenholz, 2001) and the
activation of PKC triggers the release of AA and therefore begins prostaglandin

synthesis.
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Oxytocin stimulated prostaglandin release

Phospholipase A; is responsible for the cleavage of arachidonic acid from the cell
membrane lipid bilayer (Smith et al., 1991). The exact mechanism by which oxytocin
creates a stimulatory effect on the endometrium remains unclear. Phospholipase C and
DAG are believed to be mediators in the stimulatory effects of oxytocin. In ovine
endometrial tissue exposed to oxytocin, a small rise in PLC activity occurs before an
increase in PGF,a secretion (Silvia et al., 1994). Vasopressin, which is known to bind to
the oxytocin receptor, stimulates PGF,a and to a lesser extent PLC; suggesting that
maximal PGF,a can be secreted without maximal PLC activity and PLC activity does not
appear to control oxytocin stimulated PGF,a secretion (Silvia et al., 1994). This indicates
that another mechanism must be involved in the oxytocin stimulated release of
prostaglandins. Phospholipase C hydrolyses DAG from phosphatidylinositol 4, 5-
bisphosphate. Diacylglycerol then can activate PKC and act as a second messenger in the
stimulation of prostaglandin synthesis. Protein kinase C phosphorylates enzymes that are
involved in the cleavage of AA from the cell membrane (Silvia et al., 1994). Analogues
of DAG stimulated PGF,o in ovine endometrial tissue and may mediate oxytocin
stimulation (Silvia et al., 1994). Phospholipase A, has been shown to simulate the release
of PGF,o in ovine endometrial explants and therefore is likely to mediate oxytocin
stimulated prostaglandin production (Lee and Silvia, 1994). There are two mechanisms
by which oxytocin is thought to stimulate prostaglandin synthesis through PLA,: 1) when
oxytocin binds to its GPCR, it activates PLA; directly through a GTP-binding regulatory

protein or 2) increased activity of PLC and PKC lead to the activation of PLA, (Fain et
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al., 1988). The exact mechanism used by oxytocin to activate PLA, and prostaglandin
synthesis in the endometrium has yet to be determined.

Oxytocin receptors were shown to have greater binding capacity in the
endometrium as compared to the myometrium in ovine uterine tissue and PGF,a was
enhanced by oxytocin stimulation only in the endometrium (Roberts et al., 1976);
suggesting oxytocin targets the endometrium for PGF,a production. In contrast, the
number of oxytocin binding sites in the mare was found to be greater in the myometrium
than the endometrium, although the affinity of the oxytocin receptors was higher in the
endometrium versus the myometrium (Stull and Evans, 1986). Oxytocin receptors within
the endometrium are up-regulated by an increase in estrogen and decrease in
progesterone during late diestrus (Spencer et al., 1995). Estrogens are believed to
influence the release of PGF,o from the uterus by possibly conditioning the prostaglandin
secretory mechanisms and stimulating the development of oxytocin receptors (Roberts et
al., 1976), indicating a role for steroids in oxytocin stimulated prostaglandin secretion.
Sharma and Fitzpatrick (1974) found that anestrous ewes failed to release PGF in
response to oxytocin stimulation, unless they were first primed with estradiol. Ewes
treated with estradiol on a long term basis had an inhibitory effect on oxytocin receptors
in the endometrium and long term treatment with progesterone enhanced this inhibition
(Vallet et al., 1990). Progesterone receptor expression is down-regulated through
endometrial exposure to circulating progesterone, causing an increase in expression of the
estrogen receptor and up-regulation of oxytocin receptors. In bovine endometrial

explants, treatment with estrogen did not affect concentrations of oxytocin receptors over
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time, whereas treatment with progesterone decreased the oxytocin receptor
concentrations to less than 35% of the initial levels (Mann, 2001). Furthermore, secretion
of PGFo from oxytocin stimulated bovine endometrial explants treated with
progesterone was similar to controls and explants treated with estrogen (Mann, 2001).
Therefore, it is possible production of PGF,a is not necessarily dependent on the
concentration of oxytocin receptors, but more on responsiveness of the tissue to oxytocin.
In contrast, porcine endometrial luminal epithelial cells treated with progesterone and
stimulated with oxytocin had an enhanced secretion of PGF,a (Carnahan et al., 2002),
despite a lack of change in the activity of PLC.

The release of oxytocin creates a positive feedback loop, in which PGF,a
synthesis and release causes additional secretion of oxytocin from the CL (Flint and
Sheldrick, 1982) and hypothalamus (Silvia et al., 1991). A positive feedback loop exists
in the mare and involves endometrial PGF,a and endometrial and pituitary oxytocin
(Stout and Allen, 1999). In the ewe, Silvia and colleagues (1991) found oxytocin release
from the hypothalamic-pituitary axis contributed to the positive feedback loop during
luteolysis. Another more likely source of oxytocin production is the uterus, in which both
mRNA and protein expression for oxytocin has been shown in the endometrium of a
number of species (Lefebvre et al., 1992, Chibbar et al., 1993, Boulton et al., 1996).
Maximal staining for oxytocin (Watson et al., 1997) and maximal expression of oxytocin
mRNA (Behrendt et al., 1997) occurred in equine endometrium during late diestrus and
early estrus. Sharp and colleagues (1997) have shown oxytocin receptors to be present in

the equine endometrium during estrus and are approximately 25% of the maximal



37

concentrations found on day 14 post ovulation. Concentrations of oxytocin receptors
were similar in pregnant and nonpregnant mares up until day 14 post ovulation, but the
affinity of the receptor was reduced in pregnant mares (Sharp et al., 1997). Similarly,
Starbuck et al. (1998) showed an increase in oxytocin receptor concentrations in
nonpregnant mares from day 10 to day 14 post ovulation, and there was no change in
receptor concentrations in pregnant mares. Oxytocin binding sites in the mare were
shown to be greatest on days 14-17 post ovulation for both endometrial and myometrial
tissue, although the affinity for each tissue did not change throughout the estrous cycle
(Stull and Evans, 1986).

Plasma concentrations of PGFM in mares administered oxytocin differed
throughout the estrous cycle, with maximal release on day 14 post ovulation and
decreasing concentrations following luteolysis (Sharp et al., 1997; Starbuck et al., 1998).
Similarly, equine endometrial explants have shown variable secretion of PGF,a based on
day of estrous cycle, with maximal production around day 14 post ovulation (King and
Evans, 1987; Vernon et al., 1981). In contrast, release of PGF,a from equine endometrial
epithelial cells stimulated with oxytocin did not differ throughout day of cycle or
pregnancy status (Watson et al., 1992). It has been documented by others that PGF,a
secretion is generally lower during estrus as compared to late diestrus (King and Evans,
1987; Vernon et al., 1981), however, oxytocin stimulated PGF,a release is possible.

Currently exogenous administration with oxytocin is used in the mare to aid in
uterine clearance (Cadario et al., 1999). Oxytocin stimulates uterine contractions by

binding to its receptors within the myometrium; this stimulates the activation of PLC
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which in turn hydrolyses DAG and inositol 1,4,5-triphosphate (IP3) (Mitchell et al.,
1992). Inositol 1,4,5-triphosphate stimulates the release of intracellcular calcium release
and activates the myosin light chain kinase, which cause muscle contractions (Mitchell et
al., 1992). Oxytocin also stimulates the release of PGF,a by binding its receptors on the
endometrium. Prostaglandin F,a causes further myometrial contractions and therefore
aids in stimulating the clearance of foreign material and fluid from the uterus in mares
with delayed uterine clearance or persistent endometritis (Cadario et al., 1999). Gutjahr et
al. (2000) has demonstrated mares treated with oxytocin have a greater uterine response
two days prior to ovulation as compared to 2 days post ovulation. If oxytocin is given
prior to ovulation a lower dose is just as effective as the higher dose typically given post
ovulation (Gutjahr et al., 2000). The greater effect seen prior to ovulation could be due to
oxytocin receptor concentrations and an influence on the receptor population by estradiol
prior to ovulation and progesterone suppressing the oxytocin receptor post ovulation.
Oxytocin receptor antagonist

Antagonists for oxytocin and vasopressin were first described by Melin and
colleagues in 1981 using rat and human myometrial tissue. Atosiban, an oxytocin
receptor antagonist, prevents the binding of oxytocin to its receptor through competitive
inhibition and therefore blocks second messenger formation (Phaneuf et al., 1994).
Atosiban is an oligopeptide containing nine amino acids with a ring structure (Buscher et
al., 2001). It has great affinity for both the oxytocin and vasopressin receptors without
initiating any downstream activity from the receptor. Atosiban and similar oxytocin

antagonists have been primarily used to aid in the prevention of preterm labor and
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myometrium contractions. Atosiban inhibited oxytocin stimulated myometrial cell
activation in cultured human myometrium by preventing the increase in intracellular
calcium (Phaneuf et al., 1994). Atosiban had no effect on oxytocin sensitivity during long
term exposure and prevented oxytocin desensitization during long term culture with
oxytocin (Phaneuf et al., 1994). Similarly, oxytocin induced contractions were inhibited
in a dose dependent manner when pregnant human myometrial strips were cultured with

Atosiban (Buscher et al., 2001).
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Lipopolysaccharide

The bacterial endotoxin, lipopolysaccharide (LPS), is a glycolipid and a major
component of Gram-negative bacteria cell walls. It has a stimulatory effect on
inflammatory mediators, including prostaglandins, tumor necrosis factor (TNF),
interleukin-1 (IL-1), and increases synthesis and release of these cytokines from
macrophages, neutrophils, and lymphocytes (Taylor and Terranova, 1996; Raetz and
Whitfield, 2002). Lipid A, an endotoxin, is a phospholipid, hydrophobic anchor of LPS
that is on the outer membranes of bacteria, such as Escherichia coli (E. coli) (Raetz and
Whitfield, 2002). Pattern-recognition receptors (PRRs) are germline receptors that
recognize pathogens through conserved molecular patterns shared by groups of
microorganisms (Akira et al., 2001). Foreign pathogens, such as E. coli, are first
recognized by Toll-like receptors (TLRs) by binding the ligand LPS, and are expressed
on antigen presenting cells within the body (Akira et al., 2001). Toll-like receptors are
similar to PRRs and function in the same manner in mammals (Akira et al., 2001). These
receptors are a large family of molecules that are involved in the innate immune response
and initial recognition of pathogens (Muzio and Mantovani, 2000). Toll-like receptors are
type I transmembrane protein receptors and are related to interleukin-1 receptors.
Lipopolysaccharide has been found to signal cytokine synthesis through Toll-like
receptor-4 (TLR4) (Chow et al., 1992).
Toll-like receptors

Evaluation of human endometrium revealed the expression of TLR1-6 and 9

mRNAs in whole endometrium and endometrial epithelium (Young et al., 2004).
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Additionally, TLR-4 mRNA transcripts were also detected in bovine endometrial
epithelial and stromal cells (Herath et al., 2006). Equine endometrial biopsies have also
been shown to express TLR-4 mRNA before and after insemination (Nash et al., 2010).
Furthermore, TLRs-2, -3, -4, and -9 mRNA expression was found in the cervix, uterus,
and placenta of nonpregnant and pregnant mice (Gonzalez et al., 2007). The mRNA
expression of the TLRs was up-regulated in pregnant uterine and cervical mice tissues,
although there was a down-regulation of TLR-4 in placental tissue (Gonzalez et al.,
2007). Therefore, TLR are present in the female reproductive tract and can serve as an
innate pathogen detection mechanism. The placenta is likely to have less exposure to a
pathogen as compared to the cervical and uterine tissue, which would likely serve as a
first response.
LPS and prostaglandin secretion

Bovine endometrial explants and stromal and epithelial cells cultured with LPS
secreted increasing concentrations of PGE; and PGF,a in a dose dependent manner
(Herath et al., 2006). Additionally, LPS stimulated bovine endometrial epithelial and
stromal cells demonstrated an up-regulation in the expression of Cox-2 mRNA (Herath et
al., 2006). Likewise, stimulation of human non-pigmented ciliary epithelial cells with
LPS increased secretion of PGE; and expression of Cox-2 proteins (Yadav et al., 2010).
In ovine uterine arteries, stimulation with LPS increases production of PGI, and
expression of Cox-2 protein, but had no affect on expression of Cox-1 (Vagnoni and
Magness, 1998). Treatment with LPS in bovine endometrial explants stimulated release

of PGF,a, but had no effect on oxytocin receptor mRNA expression (Leung et al., 2001).
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Lipopolysaccharide stimulated PGE; release from rat hypothalamic explants following 60
minutes of culture, but had no affect on PGF,a secretion (Pozzoli et al., 1994). Similarly,
PGE,, not PGF,a release was stimulated by LPS from rat cortical astrocyte cultures
following 24 hours of culture (Pozzoli et al., 1994). In contrast, human placental explants
stimulated with LPS for 60 minutes had increased concentrations of PGF,a and PGE, as
compared to controls (Gu et al., 1994). Increasing concentrations of LPS did not increase
secretion of prostaglandins in a dose response manner; PGF,a and PGE, concentrations
were similar for human placental explants treated with 0.1-100 pg/mg of LPS (Gu et al.
1994).

Pre-treatment with progesterone or estradiol decreased the secretion of
prostaglandins in response to LPS stimulation in bovine endometrial epithelial and
stromal cells (Herath et al., 2006). Similarly, rat ovarian granulosa cells treated with LPS
had inhibited LH-stimulated estradiol secretion (Taylor and Terranova, 1996). In
contrast, estrogen appeared to play a role in the response of ovine uterine arteries to LPS,
in that only when uterine arteries were treated with estradiol did they respond to LPS
with an increase in PGI, (Vagnoni and Magness, 1998). Likewise, ovariectomized ewes
showed no expression of Cox-2, suggesting a need for pre-exposure to progesterone

and/or estradiol (Vagnoni and Magness, 1998).
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Dietary Influence on the Inflammatory Response

Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) have one or more double bonds within the
molecule and can be classified as omega-3, omega-6 or omega-9 fatty acids, depending
on where the first double bond is located. Animals cannot synthesize omega-3 or omega-
6 fatty acids because they lack the appropriate desaturase enzymes, and thus these fatty
acids are dietary essential fatty acids (Wathes et al., 2007). Omega-6 fatty acids are found
mainly in vegetable oils, such as corn, sunflower, and safflower and are mostly derived
from linolenic acid. Omega-3 fatty acids are mainly found in green vegetables, grasses,
plants, fish, and marine sources and mostly derived from alpha-linolenic acid. Alpha-
linolenic is converted in the body into eicosapentanceoic acid (EPA) and
docosahexaneoic acid (DHA) through fatty acid desaturases 1 and 2 and elongase. EPA
can be converted into 3-series prostaglandins (Wathes et al., 2007), in contrast to AA
which is converted into 2-series prostaglandins. Linoleic acid is converted similarly in the
body into the omega 6 fatty acid dihomo-gamma-linolenic acid (DGLA) and arachidonic

acid, which can then be converted into 1 and 2 series prostaglandins.
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Figure 1.2 Synthesis of 1-, 2-, and 3-series prostaglandins from dietary
polyunsaturated fatty acids through desaturation and chain elongation. (Wathes et al.,
2007)

Fatty acid uptake

The molecular mechanisms by which long-chain fatty acids are transported
through the cell membrane remains unclear. There are two mechanisms in debate by
which fatty acids are likely to be transported across the membrane: passive diffusion
(Hamilton et al., 2002) or a protein carrier mediated transport (Stremmel et al., 1992;
Campbell et al., 1997). Human placental choriocarcinoma cells cultured with oleic,
linolenic, arachidonic, and docosahexaneoic acids for 30 minutes, demonstrated uptake of
all the fatty acids (Campbell et al., 1997). Furthermore, inhibition of the plasma
membrane fatty acid binding protein (FABP) decreased the uptake of all fatty acids,
demonstrating the potential involvement of FABP with the uptake of long-chain fatty

acids (Campbell et al., 1997). Additionally, cultured hepatocytes showed a decrease in
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uptake of oleate when a FABP inhibitor was added and further demonstrates the
translocation of fatty acids across the membrane involves binding to a membrane protein
(Stremmel et al., 1992). In contrast, Hamilton et al. (2002) demonstrated rat adipocytes
absorb and transport long-chain fatty acids through a three step method (Figure 1.3) that
does not involve a transport or binding protein, but works via diffusion by a flip-flop
mechanism; however it is possible a membrane protein might be involved at the cell
surface to attract albumin and facilitate absorption. Glatz and colleagues (1997) recognize
the uptake and translocation of long-chain fatty acids is a multiple step process and likely

involves both passive diffusion and the use of a membrane fatty acid binding protein.
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Figure 1.3 Three step method for absorption and transportation of long-chain fatty acids
across the cell membrane (Hamilton et al., 2002).
Omega-3 fatty acids and equine
Many animal diets, including the equine, have been supplemented with fats and
oils for several years to provide nutritional and health benefits. Vegetable oils rich in
omega 6 fatty acids are the most common source of supplementation in equine diets. The

average forage diet contains between 1.5-3.5 % crude fat, where as the fat in a diet
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containing both forage and a concentrate ranges from 4.5-7.0 % (Valentine, 2001). A
high-fat diet can contain 12% or more of fat in the concentrate portion of the diet. Fats
play an important role in equine nutrition and health and are required for a number of
functions, including absorption of fat-soluble vitamins and serve as a source of
concentrated energy and essential fatty acids (linolenic acid, linolenic acid, and
arachidonic acid). Recently, fish oil has been used as a dietary supplement to increase
omega 3 fatty acids in the diet and provide many health benefits for the equine.
Supplementation with fat to lactating mares appeared to influence the fatty acid
composition of their foals and milk (Spearman et al., 2005). Dietary supplementation
with fish oil has been shown to decrease heart rate in exercising horses (O’Connor et al.,
2004), suggesting a role for omega 3 fatty acids in exercise metabolism. Hall and
colleagues (2004) found dietary supplementation with polyunsaturated fatty acids altered
the inflammatory response of normal horses by increasing production of pro-
inflammatory cytokine TNF-a and increasing phagocytic activity of BALF cells.
Similarly, the omega 3 fatty acids EPA and DHA are currently thought to decrease
inflammation in horses with osteoarthritis by decreasing both the concentration of plasma
PGE,, and the number of inflammatory cells in synovial fluid (Manhart et al., 2005). In
contrast, lymphocyte proliferation and PGE, production was not affected in horses
supplemented with omega-3 fatty acids (Vineyard et al., 2010). Similarly, equine fed an
encapsulated fish oil supplement did not alter antibody production or neutrophil function,
although plasma fatty acid composition of cell membranes was changed, demonstrating

uptake of the fatty acids (Vineyard et al., 2005).Woodward et al. (2005) found an
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increase in trot stride length and plasma EPA and DHA in horses fed a supplement
containing stabilized long chain polyunsaturated fatty acids. The increased stride length
could be due to the increase in omega-3 fatty acids in plasma, alleviating inflammatory
problems found in horses with osteoarthritis.

Omega-3 fatty acids and female reproduction

Supplementation with polyunsaturated fatty acids has been shown to effect
multiple functions in the body, including inflammation, brain function, arthritis,
reproduction, and cell function. Possible incorporation of fatty acids into various foods to
increase the ratio of omega-3 to omega-6 has been evaluated due to the numerous
benefits. Hens supplemented with fish oil had increased yolk fat omega-3 fatty acid
concentrations; demonstrating dietary supplementation will affect the fatty acid profile
(Alvarez et al., 2004). Similarly, omega-3 fatty acid supplementation using fish meal
altered the plasma and endometrial cell membrane composition in non-lactating beef
cows (Burns et al., 2003). These results indicate that supplementation with omega-3 fatty
acids does alter the fatty acid profile and uptake of fatty acids can occur within the
endometrium.

Dietary supplementation with omega-3 and omega-6 fatty acids decreased plasma
progesterone and increased the number of medium-sized follicles in lactating dairy cows,
but had no affect on oxytocin stimulated plasma PGFM concentrations (Robinson et al.,
2002). This study suggests a role of polyunsaturated fatty acid in steroidogenesis.
Possible mechanisms of PUFAs mediating steroidogenesis include altering prostaglandin

synthesis by decreasing luteotrophic PGE,; secretion or possible delayed ovulation
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leading to delayed luteal development (Robinson et al., 2002). Beef heifers with low
progesterone levels supplemented with fish meal had decreased concentrations of PGF,a
in response to oxytocin, suggesting a possible method to improve fertility (Wamsley et
al., 2005). In contrast, progesterone and estradiol concentrations were not influenced in
beef heifers supplemented with fish oil, although the heifers did have increased corpora
lutea diameter on day 7 post ovulation (Childs et al., 2008). Antiluteolytic effects of EPA
and DHA has been suggested by Petit et al. (2002), who reported that cows fed a diet
high in omega-3 fatty acids had larger corpora lutea than cows fed linseed oil or no fatty
acid supplement. In addition to the antiluteolytic effect of EPA and DHA, Bilby et al.
(2006) found that cows fed an omega-3 fatty acid enriched diet had larger pre-ovulatory
follicles as compared to non-supplemented cows; suggesting a potential role of EPA
and/or DHA in folliculogenesis. In rats supplemented with AA, EPA or DHA, there were
no affects on ovulation, suggesting the effects of fatty acid supplementation may be pre-
ovulatory (Broughton et al., 2009).

Early embryonic losses in the bovine can partly be attributed to deficient
concentrations of interferon produced by the embryo and subsequent luteolysis (Wathes
et al., 2007). In the mare, early embryonic loss can be caused by a lack of maternal
inhibition of PGF,a or increased secretion of PGF,o0 due to uterine inflammation.
Decreases in early embryonic loss may be mediated by dietary supplementation with
EPA and DHA (Mattos et al., 2000) as Petit et al. (2002) showed that cows receiving a

diet supplemented with polyunsaturated fatty acids had lower incidence of early
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embryonic losses compared to cows not receiving the polyunsaturated fatty acid
supplement.
Omega-3 fatty acids and prostaglandins

Dietary supplementation with polyunsaturated fatty acids alters the membrane
phospholipid composition of cells throughout the body. Altered phospholipid bilayers
within the cell may lead to competitive inhibition of the enzymes, Cox-1 and Cox-2, by
changing the availability of substrates. In the presence of increased quantities of EPA and
DHA, AA metabolism can decrease (Wathes et al., 2007). Supplementation with omega-
3 fatty acids could lead to displacement of arachidonic acid (AA) with EPA or DHA
which could decrease production of series-2 prostaglandins and shift to series-3
prostaglandin production. In men, it has been shown dietary supplementation with
omega-3 fatty acids enhances the synthesis of 3-series prostaglandins (Hornstra et al.,
1991). Likewise, in rats supplemented with DHA, PGE; and PGF;a concentrations
increased, but PGE; and PGF,a concentrations remained unaffected by the diet
(Broughton et al., 2009).

Beef heifers supplemented with fish oil and stimulated with oxytocin had higher
concentrations of plasma PGFM as compared to controls (Childs et al., 2008). Likewise,
dairy cows fed omega-3 fatty acids in the form of fish oil also had higher concentrations
of plasma PGFM following an oxytocin challenge (Petit et al. 2002). In contrast, Mattos
and co-workers (2002) found that lactating cows fed a fish meal diet and challenged with
estradiol and oxytocin to stimulate PGF,a release had lower PGF,a concentrations as

compared to cows fed a non-fatty acid supplemented diet. Moreover, in vitro cell cultures
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of bovine endometrial cells incubated with DHA and EPA had inhibited PGF,o release
(Mattos et al., 2003). Similarly, bovine endometrial cells cultured for 24 hours with EPA
decreased concentrations of PGF,a by 75% as compared to controls (Caldari-Torres et
al., 2006). Furthermore, the inhibition of PGF,a secretion was decreased when the ratio
of omega-6 to omega-3 fatty acids increased (Caldari-Torres et al., 2006). Mattos and co-
workers (2004) also found that lactating dairy cows fed a fatty acid supplemented diet
during the periparturient period showed a decrease in the secretion of PGF,a. This is
similar to earlier work reported by Arntzen et al. (1998) who showed PGF,a and PGE,
synthesis was inhibited in decidual cell cultures supplemented with n-3 polyunsaturated
fatty acids. A similar study found rats fed diets rich in DHA had lower levels of placental
PGF,a compared to rats fed a linolenic supplemented diet (Perez et al., 2006). Perez et al.
(2006) also showed significantly lower concentrations of arachidonic acid in the uterus
and placenta of rats fed a DHA rich diet. Concentrations of PGF,a and PGE; from
peritoneal fluid were decreased in rabbits supplemented with fish oil following surgically
induced endometritis (Covens et al., 1988). Moreover, ovine amnion cells cultured with
DHA showed inhibition of PGE, secretion, whereas treatment with AA increased release
(Kirkup et al., 2010).

Treatment of ovine uterine epithelial cells with omega-6 fatty acids decreased
oxytocin stimulated release of PGF,a and reduced the cells’ responsiveness to oxytocin
(Cheng et al., 2005). Similarly, dietary supplementation of cows with omega-6 fatty acids
decreased PGF,0 and PGE; secretion from endometrial explant cultures as compared to

the omega-3 fatty acid supplemented group and cows receiving no dietary supplement
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(Cheng et al., 2001). Also, omega-6 fatty acid supplementation inhibited the ability of
endometrial explants to respond to oxytocin (Cheng et al., 2001). Although, omega-3
fatty acid supplemented cows had increased concentrations of PGF;a (Cheng et al.,
2001), suggesting a change in prostaglandin production from the active 2-series to a less
bioactive 1-series.

Supplementation with polyunsaturated fatty acids influences the secretion of
prostaglandins in vivo and in vitro in many species. The effects of fatty acid
supplementation seem to be dependent on the source of the fatty acid, the ratio of omega-
6 fatty acids to omega-3 fatty acids, duration of supplementation, and the series of
prostaglandin being evaluated.

Omega-3 fatty acids and prostaglandin synthesis

Eicosapentaenoic acid has been shown to inhibit the activity of Cox-1 (Wathes et
al., 2007), although the conversion of EPA into 3-series prostaglandins via Cox-1 is poor.
Mattos and colleagues (2003) found PGF,a to be suppressed in vitro in bovine cell
cultures supplemented with polyunsaturated fatty acids, possibly due to reductions in
PGHS-2 and PLA; enzyme activity and PGHS-2 mRNA concentrations and protein
expression. The inhibition of fatty acid supplementation on PGF,a is believed to be
through a different mechanism than that of bovine interferon tau (Mattos et al., 2003). In
contrast, EPA did not influence the detectable mRNA of Cox-2 in cultured bovine
endometrial cells (Caldari-Torres et al., 2006). Similarly, lactating dairy cows
supplemented with fish meal had increased uterine omega-3 fatty acid concentrations, but

there was no affect on endometrial Cox-2 protein or PGF,a production in response to an
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oxytocin challenge (Moussavi et al., 2007). Furthermore, human decidual cells cultured
with DHA and stimulated with interleukin-1 had decreased PGF,a and PGE, production
and mPGES-1 and -2 mRNA expression, but there was no affect on Cox-1 or Cox-2
mRNA expression following 12 hours of incubation (Roman et al., 2006). Culture with
EPA had no affect on prostaglandin production or enzyme expression in human decidual
cell cultures (Roman et al., 2006). Eicosapentaenoic acid fed to rats increased ovarian
PGF,a and PGE,; release, although had no affect on Cox-1 or Cox-2 protein expression
(Broughton et al., 2009). In contrast, dietary omega-3 fatty acids fed to lactating dairy
cows had no affect on concentrations of prostaglandins from uterine flushing, although
staining intensity of the Cox-2 protein was decreased (Bilby et al., 2006). Dietary
supplementation of beef heifers with high omega-3 fatty acid diets increased PGES and
decreased PLA, mRNA expression within the uterus, but had no affect on the oxytocin
receptor, PLC, Cox-1, Cox-2 or PGFS mRNA expression (Coyne et al., 2008).
Dissimilar to the bovine, EPA inhibited Cox-1 and Cox-2 activity as well as decreased
PGD; secretion from cultured human mast cells in response to IgE-anit-IgE challenge
(Obata et al., 1999). Bovine aortic endothelial cells cultured with DHA or EPA for 24
hours showed reduced PGI, production as well as decreased Cox-1 protein expression
and mRNA levels (Achard et al., 1997). Similarly, Holstein cows fed flaxseed had
reduced Cox-2 mRNA expression in the endometrium (Palin et al., 2005). Furthermore,
Massaro et al. (2006) showed DHA decreased Cox-2 protein expression, but not Cox-1,

in human vascular endothelial cells. The decrease in protein expression could be due to
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longer incubation with DHA; Massaro et al. (2006) incubated cells for 48 hours whereas
many other cultures where incubated for only 24 hours.
Modulation of prostaglandin synthesis

Enzyme expression related to prostaglandin synthesis varies with tissue type and
concentration, source and duration of fatty acid supplementation. Although DHA and
EPA decreases prostaglandin production, it has been shown altering of enzyme
expression is not the only mechanism inhibiting prostaglandin secretion; therefore other
mechanisms must be involved in the DHA mediated inhibition of PGF,a release. Possible
mechanisms for this inhibition include 1) shifting production from 2-series prostaglandins
to 1 or 3-series prostaglandins, through competition of EPA and DHA with AA for lipid
metabolism and incorporation in the phospholipid membrane (Mattos et al., 2003; Calder,
2009) or 2) DHA is possibly affecting the lipid composition of the membrane influencing
signaling pathways within the cell (Chapkin et al., 2009). Docosahexaneoic acid has been
shown to alter cell membrane properties, including fluidity, protein function, rapid
diffusion and flip/flop translocation of fatty acids and order of fatty acid chains (Stillwell
and Wassall, 2003). The transmembrane domain and activation of the oxytocin receptor
could be influenced by DHA if the cell membrane is being altered. Omega-3 fatty acids
have also been shown to inhibit inflammation through nuclear receptors and lipid rafts

(Chapkin et al., 2009), such as the Toll-like receptor and recognition of LPS.
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Summary

Uterine inflammation and persistent endometritis are major factors contributing to
early embryonic loss and decreased fertility within the equine industry. Accumulation of
inflammatory fluid or infection, especially in older mares, can increase secretion of
PGF,a and leads to regression of the corpus luteum and loss of the embryo. Oxytocin has
been shown to stimulate the release of PGF,a in vivo and in vitro in many species. This
release is dependent on day of the cycle and species. Oxytocin stimulated release of
PGF,a involves key enzymes in the synthesis pathway. There is a potential for
supplementation with omega-3 fatty acids to influence the expression of these enzymes.
The literature reviewed collectively demonstrates the positive influence dietary
supplementation with omega-3 fatty acids can have on female reproduction and the
inflammatory process. Omega-3 fatty acids have an impact and can regulate uterine
inflammation and early embryonic loss. Supplementation with polyunsaturated fatty
acids, specifically DHA, can influence the inflammatory response in vitro and in vivo
through mechanisms involving enzyme expression, but also other mechanisms must be
involved in the inhibition of prostaglandin secretion. The effects of omega-3 fatty acid
supplementation in the mare is unknown and warrants further investigation because of the

positive impact it could potentially have on equine reproduction and fertility.
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CHAPTER 2
ESTABLISHMENT AND CHARACTERIZATION OF EQUINE
ENDOMETRIAL CELL CULTURES AND OXYTOCIN STIMULATED

PRODUCTION OF PGF;a

Abstract

Exogenous administration of oxytocin in the mare can be used to promote
uterine clearance and improve fertility. Oxytocin stimulated release of PGF,a and its
metabolite (PGFM) from equine endometrial cell culture has not been determined during
estrus. Equine endometrial biopsies were used to establish endometrial epithelial cell
cultures and determine the release of PGF,a and PGFM in response to oxytocin
stimulation. The effects of a basement membrane matrix and the addition of horse serum
to the media on the growth and response of endometrial epithelial were also evaluated.
Proliferation and characterization of epithelial cells was performed using BrdU and
immunoflorescent staining. Endometrial cell cultures were challenged with 250 nM of
oxytocin and PGF,a and PGFM secretion was measured. Equine endometrial cell
cultures showed replication within 24 hours of culture and cells were epithelial in origin.
Oxytocin did not stimulate the release of PGF,a and PGFM following 6 or 24 hours of
culture of endometrial epithelial cells. The addition of a basement membrane matrix
increased (P < 0.05) PGF,a concentrations at 6 and 24 hours in both challenged and non-
challenged cell cultures. The addition of horse serum did not influence PGF,a secretion
from endometrial epithelial cell cultures. In conclusion, equine endometrial cells were

established and shown to replicate in a non-matrix supported culture and on a basement
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membrane matrix. Although endometrial epithelial cells were shown to replicate and
were viable in vitro, functional competency was undetectable as measured by a failure to
elicit a PGF,a release upon oxytocin stimulation. More work is necessary to define a
deficient cell culture system that is capable of secreting PGF,0 when stimulated with

oxytocin.
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Introduction

In ruminants, oxytocin is secreted by the corpus luteum and stimulates release of
PGF,a from the endometrium, which causes luteolysis at the end of estrous cycle.
Oxytocin receptors within the endometrium are up-regulated by an increase in estrogen
and a decrease in progesterone during late diestrus (Spencer et al., 1995). Progesterone
receptor expression is down-regulated through endometrial exposure to circulating
progesterone, causing an increase in expression of the estrogen receptor and up-
regulation of oxytocin receptors. The release of oxytocin creates a positive feedback loop,
in which PGF,a synthesis and release cause additional secretion of oxytocin from the CL
(Flint and Sheldrick, 1982) and hypothalamus (Silvia et al., 1991). Unlike the ruminant,
oxytocin is not secreted by the CL in the equine (Stevenson et al., 1991). In the ewe,
Silvia and colleagues (1991) found oxytocin release from the hypothalamic-pituitary axis
contributed to the positive feedback loop during luteolysis. Another, more likely, source
of oxytocin production is the uterus, in which both mRNA and protein for oxytocin have
been isolated from the endometrium of several species (Lefebvre et al., 1992; Chibbar et
al., 1993; Boulton et al., 1996). Maximal binding for oxytocin (Watson et al., 1997) and
maximal expression of oxytocin mRNA (Behrendt et al., 1997) occurred in mare
endometrium during late diestrus and early estrus.

The endocrine regulation of endometrial PGF,a production and release has not
been determined in the mare, although the release of PGF,a from the uterine
endometrium does result in luteolysis (Irvine, 1995). In 1985, Betteridge and colleagues

demonstrated that the exogenous administration of oxytocin to mares in late diestrus
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caused an increase in peripheral 13, 14-dihydro-15-keto PGF,a (PGFM) plasma
concentrations, suggesting the role of oxytocin for luteolysis. Exogenous administration
of oxytocin has been shown to stimulate PGF,a release from the endometrium and cause
luteolysis (Goff et al., 1987).

Currently, oxytocin administration has been used to promote uterine clearance
and improve fertility in mares prone to infection and persistent endometritis (Cadario et
al., 1999). Prostaglandin F,a release due to oxytocin administration has been shown to be
dependent on stage of the estrous cycle, with maximal secretion on day 14 around the
time of luteolysis (Sharp et al., 1997). Equine endometrial explants showed variable
response to oxytocin during culture with maximum release on day 14 (King and Evans,
1987), which coincides with time of luteolysis. Similarly, concentrations of oxytocin
receptors in equine endometrium have also been shown to be dependent on the day of the
estrous cycle (Sharp et al., 1997). During estrus, oxytocin receptors were present in the
endometrium of mares, although concentrations were approximately 25% of maximal
concentrations found on day 14 post ovulation (Sharp et al., 1997). Oxytocin stimulated
release of PGF,a and its metabolite (PGFM) from equine endometrial cell culture has not
been determined during estrus. The purpose of this study was to establish equine
endometrial cell cultures and determine if oxytocin would stimulate the release of PGF,a

and PGFM.
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Materials and Methods

Materials

Six well culture plates, Hank’s Balanced Salt Solution (HBSS), bovine serum
albumin (BSA), Hams F-12, and Eagle minimum essential medium (MEM) were
purchased from Fisher Scientific (Pittsburgh, PA). The antibiotic antimycotic and insulin-
transferrin-selenium X supplement was from Invitrogen (Carlsbad, CA). The fetal bovine
serum (FBS) was from HyClone (Logan, UT). The Liberase Blendzyme III was from
Roche Diagnostics (Indianapolis, IN). Oxytocin was purchased from MWI Veterinary
Supply (Boise, ID). The BD Matrigel basement membrane matrix was purchased from
BD Biosciences (Bedford, MA).
Animals

A total of five mature (mean 10.6 years + 5) mares of light horse breeding were
utilized and housed at The University of Arizona Equine Center. Mares were teased with
a stallion daily for detection of behavioral estrus. Follicular development and uterine
edema were monitored by transrectal palpation and ultrasonography every day from the
first detection of behavioral estrus through ovulation. All animal procedures were
reviewed and approved by the Institutional Animal Care and Use Committee at The
University of Arizona.
Experiment I

One endometrial biopsy was taken from each of eight mares on the second day of
behavioral estrus. The biopsies were recovered non-surgically using a cattle biopsy

instrument (3 mm x 450 mm, semiflexible forceps with a Palmer Jacobs jaw, Richard
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Wolf Medical Instruments Corporation, Vernon Hills, IL) immediately right and left of
the uterine bifurcation. Uterine tissue was removed aseptically from the biopsy punch and
placed into 10 ml of HBSS supplemented with 2X concentration of antibiotic-antimycotic
solution. Biopsies were transported to the laboratory on ice within 30 minutes of harvest.
Uterine tissue was rinsed one time with fresh HBSS. The endometrial biopsy was finely
minced using sterile scalpel blades and individual cells dispersed with Liberase
Blendzyme III in HBSS and trypsin-EDTA solution (0.25% trypsin in HBSS). Fibroblast
cell contamination was reduced by dual plating the dispersed cells. The dispersed cells
were plated for 2-4 hours to allow for fibroblast attachment; after washing, endometrial
cells were plated on 35 mm wells of six well plates. Cells were grown in culture media
(40% Hams F-12, 40% MEM, 10 ml/L of antibiotic antimycotic, 200 U/L of Insulin-
Transferrin-Selenium X supplement, and 20% fetal bovine serum) until confluence (6.6+
1.5 d) at 37°C in a humidified incubator containing 95% air and 5% CO,. Once cells
reached a confluent monolayer, the endometrial cells were rinsed two times with a 1%
bovine serum albumin (BSA) culture media (1% BSA in Hams F-12 and MEM), and 3
ml of fresh 1% BSA culture media (1% BSA in Hams F-12 and MEM, 10 ml/L of
antibiotic antimycotic, and 200 U/L of Insulin-Transferrin-Selenium X supplement) was
added to each well. Half of the wells were challenged with 250 nM of oxytocin and the
other half remained unchallenged and served as controls (3 replicates per treatment).
Conditioned media was collected and stored at -80°C until PGF,0 and PGFM
concentrations were measured to determine production at 6 and 24 hours post oxytocin

challenge. Commercial EIA kits (Cayman Chemical Co., Ann Arbor, MI) were used to
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measure the concentration of PGF,a and PGFM in culture medium according to
manufacturer instructions. After all media was removed, five of the eight plates’ cells
were fixed with 100% methanol at 4°C for 10 minutes and then rinsed with PBS two
times. Cells were removed from wells and stored at -80°C for protein analysis. Protein
analysis was performed using the Pierce Microplate BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL). Three of the plates were used for characterization of the cells
following the cell proliferation and staining procedures below.
Endometrial Cell Proliferation

After the media was collected for the oxytocin challenge, culture media
containing 10 pmol/L bromodeoxyuridine (BrdU) was added and cells were cultured for
another 24 h. Cells were then washed four times with PBS for 1 minute each and then
fixed in 100% methanol and hydrogen peroxide with a concentration of 0.5% v/v (1
uL/mL) at 4°C for 10 minutes. The cells were washed with PBS for 5 minutes and
incubated in 2 M HCI for 60 minutes at room temperature. Cells were then washed with
PBS three times for 3 minutes and non-specific binding sites were blocked with 10%
horse serum in PBS (Vector Laboratories; Vectastain Elite ABC Kit) for 20 minutes.
Primary antiserum, mouse anti-BrdU, was diluted 1:1,000 in blocking buffer, applied to
the cells, and incubated overnight at 4°C. Cells were washed three times in PBS for 5
minutes and incubated with diluted biotinylated secondary antiserum (Vector
Laboratories; Vectastain Elite ABC Kit) for 30 minutes. Following three 5 minute washes
with PBS, the cells were incubated with Vectastain Elite ABC Reagent (Vector

Laboratories) for 30 minutes at room temperature. Cells were washed two times with
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PBS for 5 minutes. 3, 3’-diaminobenzidine (DAB) substrate (Vector Laboratories) was
applied and monitored until desirable stain developed. To distinguish epithelial cells, dual
staining was performed with a second round of staining using the mouse anti-human
cytokeratin clone AE1/AE3 (1:1,000; Dako, Carpinteria, CA). Prior to addition of the
primary antibody, cells were incubated in PBS and hydrogen peroxide at a concentration
of 0.5% v/v (1 uL/mL) to abolish all endogenous peroxidase activity and the staining
procedures were performed again. In the second round of staining, VIP substrate (Vector
Laboratories) was used to detect immunocomplexes and monitored until desired stain
developed.
Immunofluorescent Staining

Dual immunofluorescent staining was performed to characterize cell types within
the uterine biopsies and endometrial cell cultures. Epithelial cells were demarcated with
mouse anti-human cytokeratin clone AE1/AE3 (1:200; Dako, Carpinteria, CA) and
fibroblast cells were identified with mouse anti-vimentin (1:10,000; Sigma-Alrich,
St.Louis, MO). Cells were rinsed in PBS with 0.2% Trition X for 15 minutes. Following
washing three times in PBS for 5 minutes, non-specific binding sites were blocked by
incubating cells in 0.5% NEN blocking buffer (0.1 M Tris-HCI, 0.15 M NaCl; Perkin-
Elmer) for 60 minutes. Primary antiserum was diluted in 1% bovine serum albumin
(BSA), applied to the cells, and incubated at room temperature for 2 hours. Cells were
washed three times for 10 minutes in PBS. Secondary antiserum (against the appropriate

species immunoglobulin conjugated with Cy2 or Cy3) was diluted 1:500 in 1% BSA and
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incubated for 60 minutes. The cells were then washed three times in PBS and visually
photographed on a Lieca 4000B microscope with fluorescent imaging capabilities.
Experiment I1

To evaluate different culture conditions, four endometrial biopsies were taken
from each of two mares on the second day of behavioral estrus as described previously.
Different culture conditions evaluated included the use of a basement membrane matrix
coating on the bottom of each well and increasing the amount of serum added to the
culture media. Each of the four biopsies were finely minced and dispersed following the
methods described above and plated equally into four wells on six well plates (35 mm
wells). Wells on two of the four plates were coated with BD Matrigel Basement
Membrane Matrix according to the manufacturer instructions. The other two plates were
left uncoated to serve as a control. Cells were grown in culture media (40% Hams F-12,
40% MEM, 10 ml/L of antibiotic antimycotic, 200 U/L of Insulin-Transferrin-Selenium
X supplement, and 20% fetal bovine serum) until confluence (6 + 1.3 days) at 37°C in a
humidified incubator containing 95% air and 5% CO,. Once cells reached a confluent
monolayer, the endometrial cells were rinsed two times with a 1% BSA culture media
(1% BSA in Hams F-12 and MEM). One basement membrane matrix coated plate and
one uncoated plate received 3 mL of fresh 1% BSA culture media (1% BSA in Hams F-
12 and MEM, 10 ml/L of antibiotic antimycotic, and 200 U/L of Insulin-Transferrin-
Selenium X supplement). The other two plates received 3 mL of media containing 10%
horse serum (40% Hams F-12, 40% MEM, 10 % horse serum, 10 ml/L of antibiotic

antimycotic, and 200 U/L of Insulin-Transferrin-Selenium X supplement). Two wells on
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each plate were challenged with 250 nM oxytocin and the other two wells served as
controls and were not challenged. Conditioned media was collected and stored at -80°C
until PGF,a concentrations were measured. Commercial EIA kits (Cayman Chemical
Co., Ann Arbor, MI) were used according to manufacturer instructions.
Statistical Analysis

Significant differences among data were determined by least squares analysis of
variance using the mixed procedure of the Statistical Analysis System (SAS Institute,
Cary, NC, v9.2, 2008). Oxytocin treatment, time, culture conditions, and their
interactions were considered independent variables. Mare was considered random for all
experiments. Prostaglandin Fra production data was transformed for statistical analysis
using the logarithmic 10 due to the non-homogeneity among the variances. A
significance level of P < 0.05 was used for all statistical tests. Results are presented as

non-transformed means + s.e.m.
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Results

Endometrial Cell Proliferation and Characterization

Equine endometrial tissue sections contained epithelial cells (Figure 2.1). Equine
endometrial cell cultures were primarily epithelial in origin with few fibroblast cells
present (Figure 2.2) and showed replication at 4, 5, and 7 days of culture (Figure 2.3)
Experiment I

Mean concentrations of PGF,a and PGFM were similar in challenged and control
endometrial cell cultures at 6 and 24 hours (Figures 2.4 and 2.5). Concentrations of
PGF,a were higher (P < 0.05) in equine endometrial cells following 24 hours of culture
as compared to 6 hours of culture (Figure 2.4).
Experiment I1

Prostaglandin Fra concentrations did not differ between challenged and control
endometrial cells cultured for 6 or 24 hours, regardless of basement membrane matrix or
addition of horse serum (Figures 2.6 and 2.7). The addition of a basement membrane
matrix increased (P < 0.05) PGF,a concentrations in endometrial epithelial cell cultures
at 6 and 24 hours as compared to cell cultures without a basement membrane matrix. The
addition of horse serum did not affect PGF,a concentrations, regardless of stimulation or
a basement membrane matrix. The use of a basement membrane matrix increased (P <
0.05) the total cell number within the cell cultures, regardless of stimulus, however the

number of epithelial cells did not change with culture condition (Table 2.1).
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Discussion

Previously, there has been the isolation and culture of endometrial cells reported
in many species. Watson and colleagues (1992) isolated and cultured confluent
monolayers of glandular epithelial and stromal cells from mare endometrium on plastic.
Similarly, we were able to isolate and culture endometrial epithelial cells on plastic and
plastic coated with an extracellular matrix. To the best of our knowledge, this is the first
report of the establishment of equine endometrial cells on a basement membrane matrix.
Epithelial and stromal cell cultures demonstrated different morphology and when
stimulated with oxytocin, glandular epithelial cells produced higher concentrations of
PGF,a as compared to stromal cells at 24 hours (Watson et al., 1992). Watson et al.
(1992) also demonstrated PGF,0 concentrations increased with time of incubation, which
is in agreement with our findings. Concentrations of PGF,a produced by glandular
stromal and epithelial cultured cells were not affected by day of cycle or pregnancy status
(Watson et al., 1992). In contrast, Vernon et al., (1981) showed endometrial cultures
from cycling mares produced increasing amounts of PGF,oa when harvested from day 4 to
day 16 and declined in tissue harvested on day 20. Prostaglandin F,a concentrations were
significantly higher following two hours of incubation, demonstrating the capacity of the
endometrium to synthesize PGF,a in vitro (Vernon et al., 1981).

In the current study, equine endometrial epithelial cell cultures challenged with
oxytocin failed to release PGF,a. The lack of response to oxytocin reported herein could
be due to a deficiency of oxytocin receptors, although Sharp et al. (1997) demonstrated

oxytocin receptors were present in the endometrium during all stages of the estrous cycle.
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However, the receptor concentrations during estrus are approximately 25% of the
maximal concentration found on day 14 post ovulation (Sharp et al., 1997), therefore,
endometrial biopsies taken on day 2 of behavioral estrus should have oxytocin receptors
present, although concentrations of oxytocin receptors was not evaluated during this
study. Another possibility is that during preparation of the endometrial biopsy for culture,
digestion of the endometrial tissue could have caused a disruption of the cell’s surface
and interfered with the oxytocin receptor. However, equine endometrium digested
similarly still was able to respond to oxytocin stimulation in culture, demonstrating the
presence and function of the oxytocin receptor (Watson et al., 1992). There could also be
a disruption of enzymes or signals within the prostaglandin biosynthesis pathway, leading
to gaps in the oxytocin receptor mediated signaling pathway. An evaluation of the
oxytocin receptor, concentrations, and function would be important to ensure the
prostaglandin biosynthesis pathway is intact and functional in these culture systems.
Other possible reasons for a failure to detect a response from the endometrial cell
cultures include lack of sufficient animal numbers and potentially insufficient cell
number within the cultures. There were only five mares used for the oxytocin stimulated
PGF,a release experiment; possibly if animal numbers were increased, a difference in
PGF,a concentrations could be detected. In another study performed by our lab,
endometrial explant cultures from ten mares had greater concentrations of PGF,a when
stimulated with oxytocin as compared to controls (Penrod et al, unpublished, Chapter 3 of
Dissertation). Even though endometrial cell cultures were grown to approximately 90%

confluence, low epithelial cell numbers could be a probable cause for low PGF,a
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concentrations. Other endometrial cell cultures are plated by cell number and consist of
10° or 10° cells (Mattos et al., 2003; Watson et al., 1992), possibly increasing the
detectable concentrations of PGF,a in the culture system. Total cell numbers within our
culture system were around 10* cells, much lower than other endometrial epithelial
cultures.

Endometrial epithelial cells lose their shape and tight lateral junctions when
cultured for several days on glass or plastic surfaces, causing a loss in cell function and
polarity (Classen-Linke et al., 1997). Classen-Linke and colleagues (1997) have shown in
order to keep the cell’s polarity and differentiated functions, the epithelial cells must have
contact with the extracellular matrix and access to substrates. Uterine epithelial cell
characteristics depend largely upon their culture environment (Glasser et al., 1988).
Glasser and colleagues (1988) demonstrated uterine epithelial cells cultured on a matrix-
coated surface resembled characteristics and functions displayed in vivo. The technique
of using an extracellular matrix for endometrial cell culture has been used in various
animal models (Glasser et al., 1988; Jacobs et al., 1990; Mahfoudi et al., 1991) to
improve cell function. Glandular epithelial cells from guinea pig endometrium cultured
on Matrigel-coated dishes exhibited ultrastructural features similar to those of
endometrial epithelial cells in vivo and contained progesterone receptors (Mahfoudi et al.,
1991). Based on these findings, the extracellular matrix was utilized to aid in cell growth
and function. Equine endometrial cells cultured on an extracellular matrix produced
higher concentrations of PGF,a than endometrial cells cultured on plastic, although the

response was similar between non-challenged and oxytocin challenged endometrial cells
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grown on a matrix. These findings would indicate the extracellular matrix allowed for
additional growth, attachment, and replication of cultured equine endometrial cells, but
did not change the cells responsiveness to oxytocin. The number of endometrial epithelial
cells was similar between cultures with a matrix and cultures without a matrix, however
there was an increase in total cell number. Perhaps the addition of a membrane matrix
leads to better functioning cells, but also increases the attachment and growth of non-
epithelial cells.

The appearance of endometrial epithelial cells in this study grown on a plastic
surface looked flattened and clumped together, lacking the 3D structure seen in vivo. In
contrast, the endometrial epithelial cells plated on a basement membrane matrix coated
surface demonstrated a round, 3D appearance. The cells looked as though they were
growing up off the matrix coated plate, as opposed to flattened on the plate. The cells
appeared to have structure, forming an environment similar to that seen in vivo. Epithelial
cells in both culture conditions were larger and rounder than fibroblast cells seen towards
the end of the culture period.

In conclusion, equine endometrial cells were established and shown to replicate in
culture and on a basement membrane matrix. Although endometrial epithelial cells were
shown to replicate and were viable in vitro, functional competency was not demonstrated
as measured by a failure to elicit a PGF,a release upon oxytocin stimulation. More work
is necessary to define a cell culture system that is capable of secreting PGF,a when
stimulated with oxytocin. Future work is needed to determine the cause of the low PGF,a

response from equine endometrial cell cultures in order to produce a viable and



functional system that can be used as a model to further evaluate the uterine

inflammatory process.
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Figure 2.1 Equine endometrial tissue sections stained with a) DAPI (blue stained cells) at
10x b) tissue section with both DAPI and Cytokeratin (green stained cells) at 10x
magnification and c) tissue section stained with both DAPI and Cytokeratin at 20x
magnification.
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Figure 2.2 Equine endometrial cell cultures following 6 days incubation stained with a)
DAPI (blue stained cells) b) epithelial cell staining with primary antiserum Cytokeratin
(green stained cells) and c¢) cells that are both stained with DAPI and Cytokeratin.
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Figure 2.3 Equine endometrial cell cultures following 24 h incubation with BrdU (brown
stained cells) and epithelial cell staining with primary antiserum Cytokeratin (pink
stained cells) at a) 4 days, b) 5 days, and ¢) 7 days in culture. Cells that are both stained
with BrdU and Cytokeratin are replicated epithelial cells.
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Figure 2.4 Prostaglandin F,a (PGF,a) concentrations (mean + s.e.m) at 6 and 24 hours in
the absence (OnM,-Oxy[]) or presence (250nM, +Oxy [} ) of oxytocin for equine
endometrial cell cultures. ** Means with different superscripts differ (P < 0.05).
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Figure 2.5 Prostaglandin F,a metabolite (PGFM) concentrations (mean + s.e.m) at 6 and
24 hours in the absence (OnM,-Oxy [[]) or presence (250nM, +Oxy [J}) of oxytocin for

equine endometrial cell cultures.
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Figure 2.6 Prostaglandin F,a (PGF,a) concentrations at 6 hours for equine endometrial
cell cultures grown with or without a basement membrane matrix and without (“0%”) or
with (“10%") additional horse serum added to the culture media. Endometrial cell
cultures were in the absence (OnM, “No”) or presence (250nM, “Yes”) of oxytocin. *
Means with different superscripts differ (P < 0.05).
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Figure 2.7 Prostaglandin F,a (PGF,a) concentrations at 24 hours for equine endometrial
cell cultures grown with or without a basement membrane matrix and without (“0%”) or
with (“10%”) additional horse serum added to the culture media. Endometrial cell
cultures were in the absence (0nM, “No”) or presence (250nM, “Yes”) of oxytocin. ab
Means with different superscripts differ (P < 0.05).
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Table 2.1 Epithelial and total cell number within each culture condition system.

Culture Oxytocin Epithelial Total Cells % Epithelial

Condition* Cells Cells
0% HS ) 8177.5 9684" 84%

0% HS +) 8324.5 9554.5° 85%

0% HS + M ¢) 8063 12177.5° 71%

0% HS + M +) 8091.5 11101.5° 76%
10% HS ) 8380 12005* 70%
10% HS +) 9415.5 11361* 83%

10% HS + M ) 9355 14475° 68%

10% HS + M +) 8590 14130° 65%

“> Means with different subscripts differ ( P < 0.05).

*0% HS- No additional horse serum added to media and without matrix, 0% + M- No
additional horse serum added to media and with a matrix, 10% HS- Additional horse
serum added to media and without a matrix, 10% HS + M- Additional horse serum added
to media and with a matrix
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CHAPTER 3

OXYTOCIN STIMULATED RELEASE OF PGF,a AND INHIBITION OF PGF;a

RELEASE BY A CYCLOOXYGENASE INHIBITOR, INDOMETHACIN, AND

AN OXYTOCIN RECEPTOR ANTAGONIST, ATOSIBAN, FROM EQUINE
ENDOMETRIAL CULTURES
Abstract
Uterine inflammation is one of the causes of a poor uterine environment. This can

result in early embryonic loss in the mare due to an inhibition of maternal recognition or
an increased secretion of prostaglandin F,a (PGF,a). Oxytocin binds to endometrial cell
receptors to activate prostaglandin synthesis. Atosiban, an oxytocin receptor antagonist,
and Indomethacin, a cyclcooxygenase inhibitor, both decrease PGF,a production. Equine
endometrial explants were harvested on day two of behavioral estrus to determine effects
of Atosiban and Indomethacin on PGF,a secretion. Endometrial explant cultures were
challenged with oxytocin (250 nM) and PGF,a concentrations over time were measured.
Explants were also cultured with increasing concentrations of Atosiban and Indomethacin
for 6 hours to determine the influence on PGF,a secretion. When endometrial explants
were challenged with oxytocin, PGF,a concentrations were higher (P < 0.0001) at each
time point over the 24 hours culture as compared to controls. Oxytocin failed (P < 0.001)
to elicit PGF,a release in explants cultured with either inhibitor. In conclusion equine
endometrial explants can be stimulated with oxytocin to increase secretion of PGF,o and

this secretion can be inhibited through an oxytocin receptor antagonist and Cox inhibitor,



suggesting that this response to oxytocin involves an oxytocin receptor mediated event

that activates the prostaglandin synthesis cascade through cyclooxygenase.
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Introduction

Uterine infection, inflammation, and early embryonic loss are factors contributing to
low pregnancy rates in the equine industry. Infection and inflammation are likely the
primary causes of creating a poor uterine environment (Adams et al., 1987; Saltiel et al.,
1986; Dimcock and Edwards, 1928) and often result in early embryonic loss. The natural
inflammatory response induced by breeding can decrease conception rates in older mares
or mares susceptible to infection. In the healthy mare, post-breeding inflammation is
usually cleared within twenty-four hours (Katila, 1995). In older mares and mares
susceptible to delayed uterine clearance, the inflammation persists due to fluid
accumulation that cannot effectively be dispelled. Uterine prostaglandin F,o (PGF,a)
secretion is triggered by the influx of polymorphonuclear neutrophils (PMNs) into the
uterus (Troedsson, 1999). Prostaglandin F,a is responsible for myometrium contractions,
and subsequent expulsion of contaminating fluid and debris from the uterus.

Currently, exogenous oxytocin administration is used to improve uterine clearance in
mares prone to infection or persistent endometritis (Cadario et al., 1999). In vivo
oxytocin-stimulated PGF,a release is dependent on day of cycle in the mare (Sharp et al.,
1997). Circulating concentrations of PGFM were increased in cycling mares
administered oxytocin on days 10, 14, and 18 post ovulation, with the highest response
on day 14 (Starbuck et al., 1998). Similarly, cultured equine endometrial explants showed
variable response to oxytocin with maximum release from explants harvested on day 14
post ovulation (King and Evans, 1987). In contrast, equine endometrial glandular

epithelial and stromal cells’ response to oxytocin stimulation during culture was not
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dependent on stage of cycle or pregnancy (Watson et al., 1992). However, endometrial
glandular epithelial cells produced more PGF,a than stromal cells after 24 hours of
culture (Watson et al., 1992). The differences found in PGF,a secretion from endometrial
tissue harvested throughout the estrous cycle could be due to the type of culture system
used. In the study by Watson and colleagues (1992), the cell cultures were divided into
epithelial and stromal, possibly suggesting a role for cell type in the secretion of PGF,a
based on day of the cycle. The length of culture could also influence the release of PGF,a
in cell versus explant cultures.

Oxytocin binds to endometrial cell membrane receptors coupled with G proteins to
activate prostaglandin synthesis (Gimpl and Fahrenholz, 2001). Atosiban, an oxytocin
receptor antagonist, blocks the binding of oxytocin to its receptor, preventing second
messenger formation (Phaneuf et al., 1994). Atosiban and similar oxytocin antagonists
have been primarily used in human uterine cell cultures to inhibit myometrial
contractions (Buscher et al., 2001) and clinically in women to aid in the prevention of
preterm myometrium contractions and preterm labor (Eogan and McKenna, 2004).
Cyclooxygenase-1 and 2 (Cox-1, 2) are responsible for converting arachidonic acid (AA)
into prostaglandin H, (PGH;), which is further reduced into PGF,a by prostaglandin F
synthase or isomerized into PGE; by prostaglandin E synthase (Smith, 1992).
Indomethacin, a non-steroidal anti-inflammatory, blocks Cox from converting AA into
PGH,; and therefore prevents the production of prostaglandins.

The purpose of this study was to 1) establish equine endometrial explant cultures, 2)

determine the effects of oxytocin stimulation over time, and 3) evaluate the effects of an



oxytocin receptor antagonist and a Cox inhibitor on prostaglandin production during

culture.
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Materials and Methods

Materials

Six well culture plates, Hank’s Balanced Salt Solution (HBSS), bovine serum
albumin (BSA), Hams F-12, and Eagle minimum essential medium (MEM) were
purchased from Fisher Scientific (Pittsburgh, PA). The antibiotic antimycotic and insulin-
transferrin-selenium X supplement was from Invitrogen (Carlsbad, CA). The fetal bovine
serum (FBS) was from HyClone (Logan, UT). The oxytocin antagonist, Atosiban, was
from BioVender (Candler, NC) and Cox inhibitor, Indomethacin, from Sigma-Aldrich
(St. Louis, MO). Oxytocin was purchased from MWI Veterinary Supply (Boise, ID).
Animals

A total of ten mature cycling mares of light horse breeding and of various age
(12.6 years + 5) were utilized and housed at The University of Arizona Equine Center.
Mares were teased with a stallion daily for detection of behavioral estrus. Follicular
development and uterine edema were monitored by transrectal palpation and
ultrasonography every day from the first detection of behavioral estrus through ovulation.
All animal procedures were reviewed and approved by the Institutional Animal Care and
Use Committee at The University of Arizona.
Oxytocin Dose Response

An oxytocin dose response was performed using equine endometrial explants.
One endometrial biopsy was taken from each of seven mares of light horse breeding on
day two of behavioral estrus. The biopsy was recovered non-surgically using a cattle

biopsy instrument (3 mm x 450 mm, semiflexible forceps with a Palmer Jacobs jaw,
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Richard Wolf Medical Instruments Corporation, Vernon Hills, IL). Uterine tissue was
removed aseptically from the biopsy punch and placed into HBSS supplemented with 2X
antibiotic-antimycotic solution. The biopsy was transported to the laboratory on ice
within 30 minutes of harvest. Uterine tissue was rinsed with fresh HBSS. Uterine tissue
was minced into equal sections, divided into 6 wells (35 mm) and covered with 3 ml of
fresh media per well (40% Hams F-12, 40% MEM, 10 ml/L of antibiotic antimycotic,
200 U/L of Insulin-Transferrin-Selenium X supplement, and 20% fetal bovine serum).
Explants were acclimated for 90 minutes at 37°C in a humidified incubator in the
presence of 95% air and 5% CO,, as we have previously shown endometrial explants
require an acclimatization period prior to culture (data unpublished, 2009). Following 90
minutes of incubation, explants were rinsed one time with fresh 1% BSA culture media
(1% BSA in Hams F-12 and MEM). Each well received 2 ml of fresh 1% BSA culture
media (1% BSA in Hams F-12 and MEM, 10 ml/L of antibiotic antimycotic, and 200 U/L
of Insulin-Transferrin-Selenium X supplement) and then challenged with increasing
doses of oxytocin (0, 31.25, 62.5, 125, 250, or 500 nM). Media was collected and stored
at -80°C until PGF,a analysis.
Uterine Endometrial Explant Culture Response to Oxytocin

One endometrial biopsy was taken from each of ten mares on the second day of
behavioral estrus as previously described. The endometrial biopsy was minced into six
equal sections and divided into six wells (35 mm), then covered with 3 ml of fresh media
per well (40% Hams F-12, 40% MEM, 10 ml/L of antibiotic antimycotic, 200 U/L of

Insulin-Transferrin-Selenium X supplement, and 20% fetal bovine serum). Following 90



86

minutes of acclimation in a humidified incubator in the presence of 95% air and 5% CO,,
explants were then washed one time with fresh 1% BSA culture media (1% BSA in Hams
F-12 and MEM) and each well received 3 ml of fresh 1% BSA culture media (1% BSA in
Hams F-12 and MEM, 10 ml/L of antibiotic antimycotic, and 200 U/L of Insulin-
Transferrin-Selenium X supplement). Half the explants were challenged with 250 nM
oxytocin and the remaining half served as a control and did not receive oxytocin.
Following the oxytocin challenge, 500uL of media was collected at half an hour, 1, 2, 6,
and 24 hours. Conditioned media was collected and stored at -80°C until PGF,a analysis.
Uterine Endometrial Explant Cultures in the presence of Inhibitors

Two endometrial biopsies were taken from each of five mares of light horse
breeding on the second day of estrus using methods described above. The biopsies were
minced into ten equal sections and plated into 10 single wells (35 mm) on 2-6 well plates
for incubation. Explants were allowed to acclimate for 90 minutes at 37°C in a humidified
incubator, then washed one time with fresh 1% BSA culture media (1% BSA in Hams F-
12 and MEM). Two wells served as controls and received 3 ml of fresh 1% BSA culture
media (1% BSA in Hams F-12 and MEM, 10 ml/L of antibiotic antimycotic, and 200 U/L
of Insulin-Transferrin-Selenium X supplement) without the addition of an inhibitor.
Other pairs were divided and received one of the following treatments: 1% BSA media (3
ml) containing either 4 pg/ml of Indomethacin, 8 ug/ml of Indomethacin, 50 pg/ml of
Atosiban, or 100 pg/ml of Atosiban. Following 30 minutes of acclimation, one well from
each treatment was left un-stimulated (control) and one well was stimulated with 250 nM

of oxytocin. Following the oxytocin challenge, 300 ul of media was collected at half an



hour, 1, 2, 6, and 24 hours. Conditioned media was collected and stored at -80°C until
PGF,a concentrations were determined.
Enzyme Immunoassay

Commercial EIA kits (Cayman Chemical Co., Ann Arbor, MI) were used to
measure the concentration of PGF,a in culture medium according to manufacturer
instructions.
Statistical Analysis

Significant differences among treatments were determined by least square
analysis of variance using the mixed procedure of Statistical Analysis System (SAS
Institute, Cary, NC, v9.2, 2008). Oxytocin, time, inhibitor and their interactions were

considered independent variables. Mare was considered random for all experiments.
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Prostaglandin Fra production over time data was transformed for statistical analysis using

logarithmic 10 due to the non-homogeneity among the variances. A significance level of

P < 0.05 was used for all statistical tests. Results are presented as non-transformed means

+ s.e.m.
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Results

Oxytocin Dose Response

Oxytocin stimulated (P < 0.05) PGF,a release from endometrial explants in a dose
dependent fashion (Figure 3.1). Specifically, stimulation with 31.25 nM of oxytocin did
not increase concentrations of PGF,o when compared to the non-stimulated explants. The
PGF,a response plateaued at 125 nM, with oxytocin concentrations of 62.5, 125, 250,
500, 1000, and 1500 nM having the same influence on PGF,a release.
Oxytocin Stimulated PGF ;a Production Over time

When endometrial explants were challenged with 250 nM of oxytocin,
concentrations of PGF,a were higher (P < 0.0001) at each time point over the 24 hours of
culture compared to non-stimulated explants (Figure 3.2). In both challenged and
unchallenged explants PGF,a concentrations did not increase through 2 hours of culture,
but increased (P < 0.001) at 6 and 24 hours, respectively.
Inhibition of PGF;a release in Endometrial Explants

Concentrations of PGF,a were higher (P < 0.02) following 6 hours of culture in
endometrial explants challenged with oxytocin as compared to non-stimulated explants
(Figure 3.3). Moreover, oxytocin failed (P < 0.001) to elicit PGF,a release in endometrial

explants cultured with an oxytocin receptor antagonist or a Cox inhibitor.



89

Discussion

The data reported herein demonstrates that equine endometrial explant cultures
release PGF,a in a dose dependent fashion when stimulated with increasing
concentrations of oxytocin and is similar to what has been previously reported in the
literature in the equine (Nash et al., 2008; King and Evans, 1987; Watson et al., 1992),
porcine (Blitek and Ziecik, 2004), and the bovine (Mann, 2001; Hearth et al., 2009).
Although not tested in this study, others have found in equine and porcine endometrial
cell cultures, epithelial cells secreted higher concentrations of PGF,a as compared to
stromal cells (Watson et al., 1992; Blitek and Ziecik, 2004).

This is the first study to show that the oxytocin stimulated PGF,a release in
equine explants is specific to an oxytocin receptor mediated event as demonstrated by the
inhibition of PGF,a release when stimulated with oxytocin in the presence of an oxytocin
antagonist. This inhibition is similar to that seen in an in vitro study using oxytocin
stimulated myometrial strips from pregnant women (Buscher et al., 2001). Similarly,
Phaneuf and colleagues (1994) found Atosiban to inhibit oxytocin induced myometrial
cell activation in cultured human myometrium.

The oxytocin stimulated release of PGF,a from equine endometrial explants reported
here also involves the enzyme Cox. The Cox inhibitor, Indomethacin, equally impeded
the secretion of PGF,a in oxytocin stimulated equine endometrial explants when
compared to the oxytocin receptor antagonist, Atosiban. The inhibition of PGF,a release
by Indomethacin is similar to what others have reported in equine and bovine endometrial

cultures (King and Evans, 1987; Asselin et al., 1997).
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In conclusion, the data reported herein supports, as others earlier have reported, equine
endometrial explant cultures stimulated with oxytocin have increased secretion of PGF,a.
Moreover, this study establishes that PGF,a secretion can be inhibited through the
oxytocin receptor antagonist, Atosiban; as well as by the cyclooxygenase inhibitor,
Indomethacin. This response involves an oxytocin receptor mediated event that activates
the prostaglandin synthesis cascade. The described culture system offers an experimental
model that can now be used to determine the effects of other factors, such as diet, on the

production of PGF,a from the equine endometrium.
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Figure 3.1 Prostaglandin F,a concentrations (PGF,a) (+ s.e.m) in equine endometrial
explant cultures after 24 h in the absence or presence of increasing concentrations of
oxytocin. “2¢Means with different superscripts differ (P < 0.05).
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Figure 3.2 Prostaglandin F,o concentrations (+ s.e.m) in equine endometrial explant
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Figure 3.3 Prostaglandin F,a concentrations (+ s.e.m) in equine endometrial explant
cultures in response to oxytocin after 6 h of culture with increasing concentrations of
Indomethacin or Atosiban. “ Means with different superscripts differ (P < 0.02).
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CHAPTER 4
EFFECTS OF OXYTOCIN, LPS, AND POLYUNSATURATED FATTY ACIDS
ON PROSTAGLANDIN SECRETION AND GENE EXPRESSION IN EQUINE
ENDOMETRIAL EXPLANT CULTURES
Abstract
Dietary supplementation with polyunsaturated fatty acids (PUFAs) has been

shown to influence uterine prostaglandin production in many species, although the effect
of PUFAs on uterine inflammatory response in the mare remains unknown. To determine
the effects of PUFAs on equine endometrial prostaglandin production, endometrial
biopsies were harvested on day two of behavioral estrus. Fatty acid uptake of arachidonic
acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) by equine
endometrial explants was evaluated using gas liquid chromatography. Equine endometrial
explants were also treated with 100 uM of AA, EPA, or DHA and then challenged with
oxytocin (250nM) or lipopolysaccharide (LPS, 1 pg/ml). Prostaglandin F,a and E,
production was measured and the relative mRNA expression of key enzymes involved in
prostaglandin synthesis was determined using quantitative real-time PCR. Equine
endometrial explants incorporated EPA (P < 0.05) and DHA (P < 0.01) during culture for
24 hours with the addition of fatty acids. There was a tendency (P < 0.06) for explants to
incorporate AA. Prostaglandin F,a and E; concentrations were higher (P < 0.0001) in
endometrial explants challenged with oxytocin or LPS as compared to controls despite
which fatty acid was added. Moreover, oxytocin stimulated explants to a greater (P <

0.007) extent than LPS. Only DHA inhibited (P < 0.0001) PGF,a and PGE, secretion in
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non-stimulated and stimulated (with oxytocin or LPS) explants. Endometrial explants
stimulated with oxytocin had increased expression of Cox-1 (P < 0.02), Cox-2 (P <
0.001), PGFS (P < 0.01), PGES (P < 0.01), and PLA, ( P < 0.005) as compared to
controls and regardless of fatty acid treatment. Explants stimulated with LPS had
increased expression of Cox-2 (P < 0.004), PGFES (P < 0.03), PGES (P < 0.01), and PLA,
(P <0.01) as compared to controls and regardless of fatty acid treatment. In conclusion,
supplementation with PUFAs, specifically DHA, can influence the inflammatory
response in vitro through mechanisms other than enzyme expression. Decreased PGF,a
production associated with PUFA supplementation in vitro, creates a likely approach for
decreasing early embryonic loss in vivo associated with post breeding inflammation

commonly seen in the equine industry.
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Introduction

Early embryonic loss in the mare can be caused by a lack of maternal inhibition of
prostaglandin F,a (PGF,a) or increased secretion of PGF,a due to uterine inflammation.
Increased secretion or accumulation of PGF,a within the uterus causes luteolysis of the
corpus luteum and results in embryonic loss. Strategies to increase embryonic survival in
older mares or mares susceptible to uterine infection include decreasing or inhibiting
PGF,a secretion. Supplementation with polyunsaturated fatty acids (PUFAs),
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have been shown to
decrease PGF,a release in vivo (Mattos et al., 2000; Perez et al., 2006) and in vitro
(Arntzen et al., 1998; Mattos et al., 2003; Caldari-Torres et al., 2006) using human, rat,
and bovine models. Petit et al. (2002) showed that cows receiving a diet supplemented
with polyunsaturated fatty acids had a lower incidence of early embryonic loss.
Supplementation of mares with EPA and/or DHA could decrease PGF,a secretion within
the uterus and help prevent premature luteolysis and early embryonic loss as seen in
cattle (Mattos et al., 2000).

In this study, our objectives were to determine AA, EPA, and DHA uptake in
equine endometrial explants and to evaluate their influence on PGF,a and PGE,; secretion

and expression of enzymes involved in prostaglandin synthesis.
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Materials and Methods

Materials

Six well culture plates, Hank’s Balanced Salt Solution (HBSS), bovine serum
albumin (BSA), Hams F-12, and Eagle minimum essential medium (MEM) were
purchased from Fisher Scientific (Pittsburgh, PA). The antibiotic antimycotic and insulin-
transferrin-selenium X supplement was from Invitrogen (Carlsbad, CA). The fetal bovine
serum (FBS) was from HyClone (Logan, UT). Escherichia coli lipopolysaccharide (LPS,
serotype 026:B6) was from Sigma-Alrich (St. Louis, MO). The fatty acids EPA (C20:5,
n-3), DHA (C22:6, n-3) and AA (C20:4, n-6) and PGE, and PGF,a EIA kits were
purchased from Cayman Chemical Company (Ann Arbor, MI).
Animals

A total of ten mature cycling mares of light horse breeding and various age (12.6
years + 5) were utilized and housed at The University of Arizona Equine Center. Mares
were teased with a stallion daily for detection of behavioral estrus. Follicular
development and uterine edema were monitored by transrectal palpation and
ultrasonography every day from the first detection of behavioral estrus through ovulation.
All animal procedures were reviewed and approved by the Institutional Animal Care and
Use Committee at The University of Arizona.
Fatty acid preparation

Stock solutions of polyunsaturated fatty acids were diluted in 1 ml of ethanol (50
mg/ml) and stored at -80°C until further use. At preparation of culture media with fatty

acids, fatty acids were diluted with 1% bovine serum albumin (BSA) culture media (1%
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BSA in Hams F-12 and MEM) to a concentration of 100 nM. These solutions were
incubated for 1 h in a water bath at 37°C to allow for binding of the fatty acids within the
media and then further diluted with 1% BSA culture media to final concentration of 100
uM per well.
Experiment I: fatty acid uptake

Two endometrial biopsies were collected from each of four mares on the second
day of behavioral estrus. The biopsies were recovered non-surgically using a cattle
biopsy instrument (3 mm x 450 mm, semiflexible forceps with a Palmer Jacobs jaw,
Richard Wolf Medical Instruments Corporation, Vernon Hills, IL). Uterine tissue was
removed aseptically from the biopsy punch and placed into 10 ml of HBSS supplemented
with 2X concentration of Antibiotic-Antimycotic solution. Biopsies were transported to
the laboratory on ice within 30 minutes of harvest. Uterine tissue was rinsed with fresh
HBSS. Endometrial biopsies were minced into 10-12 mm? sections and were divided into
five 35 mm wells on a six well plate. Explants were incubated in 3 ml of fresh media
(40% Hams F-12, 40% MEM, 10 ml/L of antibiotic antimycotic, 200 U/L of Insulin-
Transferrin-Selenium X supplement, and 20% fetal bovine serum) for 90 minutes at 37°C
in a humidified incubator containing 95% air and 5% CO,. Explants were then rinsed
one time with fresh 1% BSA culture media (1% BSA in Hams F-12 and MEM) and each
well received 3 ml 1% BSA culture media (1% BSA in Hams F-12 and MEM, 10 ml/L of
antibiotic antimycotic, and 200 U/L of Insulin-Transferrin-Selenium X supplement)
containing one of the following treatments: control (1% BSA culture media in Hams F-12

and MEM with 1.8 ul ethanol), 100 uM AA, 100 uM EPA, 100 uM DHA, or 50 uM



99

EPA + 50 uM DHA. After 24 hours of culture, explants were collected in 1.5 ml tubes
and stored at -80°C until analysis. Fatty acid content of the endometrial explants was
measured using gas liquid chromatography.
Experiment I1: effect of PUFAs on PG release and gene expression

Four endometrial biopsies were taken from each of eight mares on the second day
of behavioral estrus using methods described above. Biopsies were minced and divided
into twenty-four sections and plated into individual wells on 6 well plates (4 wells per
plate). On each plate, each of the wells received one of the following treatments in 2.5 ml
of 1% BSA culture media: control (no treatment), 100 uM AA, 100 uM EPA, or 100 uM
DHA. After the addition of the treatments, explants were incubated for 24 hours to allow
fatty acid uptake. Following incubation, two plates served as control and did not receive
any stimulant, two plates were stimulated with oxytocin (250 nM), and two plates were
stimulated with LPS (1 ug/ml). Conditioned media was collected at 6 and 24 h and stored
at -80°C until PGF,a and PGE; analysis. Commercial EIA kits were used according to
manufacturer instructions to measure PGF,a and PGE,. Endometrial explant tissue was
collected and stored in 1.5 ml tubes at -80°C until gene expression analysis. Three plates
(one plate from each stimulant) served for analysis of prostaglandin production and the
other three plates for gene expression analysis.
RNA extraction and quantitative real-time PCR (qPCR)

Total RNA from equine endometrial explants (n=7) was extracted using the
Qiagen RNeasy Protect Mini Kit (Qiagen, Valencia, CA). Primers were designed to

measure gene expression for five genes involved in the prostaglandin biosynthesis
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pathway. Details of the primer sets used are listed in Table 4.1. The relative expression of
Cox-1 and 2, PGFS, PGES, and PLA, mRNA transcripts were measured by quantitative
real-time PCR using QuantiTect SYBR Green RT-PCR Master Mix (Qiagen, Valencia,
CA) in an 1Q5 Real-Time PCR Detection System (BioRad Laboratories, Hercules, CA).
After initial denaturation at 95°C for 15 minutes, the PCR reactions were subjected to 40
cycles of 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 10 seconds. A melt
curve analysis was performed starting at 60°C with an increase of 0.2°C every 6 seconds
to 96°C at the end of the amplification to confirm homogeneity among products.

Duplicate RNA samples were measured and threshold cycles were normalized to
a reference gene (ribosomal protein S15) using the comparative A C; method (Cr gene of
interest — Crreference gene), and fold changes (AA Cr) were determined using the Pfaffl
(Pfaffl, 2001) and Livak Method (Livak and Schmittgen, 2001).
Statistical Analysis

Significant differences among treatments were determined by least squares
analysis of variance using the mixed procedure of the Statistical Analysis System (SAS
Institute, Cary, NC, v9.2, 2008). Fatty acid treatment, stimulant, time, and their
interactions were considered the independent variables. Mare was considered random for
all experiments. Data for prostaglandin F,a production in the presence of fatty acids and
stimulants was transformed for statistical analysis using logarithmic 10 due to the non-
homogeneity among the variances. A significance level of P < 0.05 was used for all

statistical tests. Results are presented as non-transformed means + s.e.m.
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Results
Experiment I

Endometrial explants incorporated EPA (P < 0.05) and DHA (P < 0.01) when
cultured with fatty acids for 24 hours. There was a tendency (P < 0.06) for explants to
incorporate AA (Figure 4.1).

Experiment I1

The affect of stimulant and fatty acid treatment on PGF,a and PGE, secretion are
presented separately as means due to a lack of stimulant by fatty acid treatment
interaction (Figures 4.2 and 4.3). Prostaglandin F,a and E; concentrations were higher (P
< 0.0001) in endometrial explants challenged with oxytocin or LPS as compared to
controls despite the addition of fatty acid treatment (Figures 4.2a and 4.3a). Moreover,
oxytocin stimulated explants to a greater (P < 0.007) extent than LPS.

When explants were stimulated with oxytocin or LPS, only DHA inhibited (P <
0.0001) PGF,a and PGE, secretion (Figures 4.2b and 4.3b). The addition of AA and EPA
failed to influence PGF,a or PGE,; secretion from equine endometrial explants.
qPCR

Endometrial explants stimulated with oxytocin had increased expression of Cox-1
(P <0.02), Cox-2 (P <0.001), PGFS (P < 0.01), PGES (P < 0.01), and PLA; ( P < 0.005)
as compared to controls and regardless of fatty acid treatment (Table 4.2). Explants
stimulated with LPS had increased expression of Cox-2 (P < 0.004), PGFS (P < 0.03),

PGES (P < 0.01), and PLA; (P < 0.01) as compared to controls and regardless of fatty
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acid treatment. Fatty acid treatment with AA, EPA, or DHA failed to influence the

expression of any of the genes analyzed.
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Discussion

Herein we report for the first time the response of equine endometrial explants
cultured with fatty acids and stimulated with LPS or oxytocin. As expected, oxytocin
stimulated PGF,a release from endometrial explants, as has been previously
demonstrated in vitro in equine endometrial tissue (King and Evans, 1987; Watson et al.,
1992). However, this is the first report of oxytocin stimulated release of PGE, from
equine endometrial explants. Similar to PGE, concentrations found in porcine epithelial
endometrial cells (Blitek and Ziecik, 2004), concentrations of PGE, from stimulated
equine endometrial explants were less than half that of PGF,a concentrations. Although
we did not determine PGE; origin, PGE, has been shown to be mainly secreted from
endometrial stromal cells (Blitek and Ziecik, 2004). We have also demonstrated PGF,a
and PGE,; secretion increased in equine endometrial explants stimulated with LPS,
although to a lesser extent than with oxytocin stimulation. Similarly, equine (Nash et al.,
2008) and bovine (Herath et al., 2006) endometrial explants had increased concentrations
of PGF,a when stimulated with LPS. The secretion of PGE, in response to LPS
stimulation has not previously been shown in equine endometrial explants; although rat
hypothalamic explants (Pozzoli et al., 1994), human ciliary epithelial cells (Yadav et al.,
2010), and equine synovial tissue (Briston et al., 2010) treated with LPS had increased
concentrations of PGE,; which is similar to the response we found in equine endometrial
explants.

Supplementation with DHA decreased secretion of PGF,a and PGE, from equine

endometrial explants which is similar to results seen in bovine (Mattos et al., 2003;
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Caldari-Torres et al., 2006) and ovine (Kirkup et al., 2010) endometrial epithelial cells,
human decidual cells (Arntzen et al., 1998; Roman et al., 2006), and rat uteri (Perez et al.,
2006). Similar to results we found in equine endometrial explants, EPA did not influence
prostaglandin secretion in decidual cell cultures (Roman et al., 2006) or bovine uterine or
endometrial tissue (Cheng et al., 2001; Meier et al., 2009). Although EPA did not
influence PGF,a or PGE, release in our study, EPA decreased PGF,a and/or PGE,
secretion in bovine and decidual cell cultures (Arntzen et al., 1998; Mattos et al., 2003;
Caldari-Torres et al., 2006). In contrast, rats supplemented with DHA had higher
concentrations of PGF which the authors attribute to increasing PGF;a. Similar results of
polyunsaturated fatty acids increasing 1 and 3 series prostaglandins, which are less
biologically active, has been demonstrated in ovine uterine epithelial cells (Cheng et al.,
2005). It is likely supplementation with EPA and/or DHA increases production of 1 and 3
series prostaglandins while decreasing the biologically more active 2 series. Arachidonic
acid has been show to increase PGF,a and PGE, release from equine endometrial
explants (King and Evans, 1987), bovine endometrial cells (Mattos et al., 2003), ovine
uterine epithelial cells (Cheng et al., 2005) , and human decidual cells (Arntzen et al.,
1998); whereas in our endometrial explants AA did not influence the release of PGF,a or
PGE,. The contrasting data between our study and the King and Evans (1987) study is
unexpected; however the lack of influence by AA in our study could be due to the lack of
detection because of high variation seen between mares.

Decreases in prostaglandin production in association with the supplementation of

polyunsaturated fatty acids could likely be caused by regulation of enzyme expression
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within the prostaglandin synthesis pathway. However, supplementation with PUFAs did
not affect Cox-1, Cox-2, PGFS, or PLA; mRNA expression in the bovine uterus (Coyne
et al., 2008) or protein levels in the bovine endometrial cells (Mattos et al., 2003).
Incubation with DHA or EPA did not affect mRNA expression of Cox-1, Cox-2, or
PGDH in decidual cell cultures (Roman et al,. 2006). Similarly, we showed no difference
in enzyme expression in explants cultured with EPA or DHA. In contrast, Coyne and
colleagues (2008) demonstrated bovine receiving a high polyunsaturated fatty acid diet
had increased expression of PGES mRNA and tended to have lower expression of PLA,
mRNA within endometrial tissue. Furthermore, Massaro et al. (2006) showed DHA
decreased Cox-2 protein expression in human vascular endothelial cells. The decrease in
protein expression could be due to variations in the length of incubation with DHA; 48
hours (Massaro et al., 2006) versus 24 hours (Mattos et al., 2003). However, we did
detect a difference in enzyme expression when explants were stimulated with oxytocin or
LPS as compared to controls, similar to what others have reported in vitro in the porcine
myometrium (Franczak et al., 2006) and equine endometrium (Ealy et al., 2010). The
increased enzyme expression would be expected, as oxytocin has been shown to
stimulate PGF,a release in various cell and explant cultures.

In our study, enzymes related to prostaglandin synthesis were not affected by 24
hour culture with EPA or DHA. However, two enzymes not evaluated in this study, but
are needed for oxytocin stimulated prostaglandin release are phospholipase C and protein
kinase C. Changes in expression of these two enzymes could influence the synthesis of

prostaglandins. Human vascular endothelial cells cultured with DHA then stimulated
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with IL-10, had decreased prostaglandin secretion likely due to inhibition of protein
kinase C activity (Massaro et al., 2006). Although, DHA decreased prostaglandin
production, it appears not to be modulated through enzyme expression within the
endometrium; therefore DHA could be inhibiting PGF,a secretion through other
mechanisms. Possible mechanisms for this inhibition include 1) shifting production from
2-series prostaglandins to 1 or 3-series prostaglandins, 2) through competition of EPA
and DHA with AA for lipid metabolism and incorporation in the phospholipid
membrane, or 3) DHA is possibly affecting the cell membrane and phospholipid bilayer
and influencing signaling pathways. The transmembrane domain and activation of the
oxytocin receptor could be influenced by DHA if the cell membrane is being altered. It
has been shown that DHA alters basic cell membrane properties including fluidity and
protein function (Stillwell and Wassall, 2003). Docosahexaenoic acid has a strong
aversion to cholesterol causing it to incorporate and packs poorly with other lipids
present in the membrane (Stillwell, 2006). This could create movement of lipid rafts and
other membrane domains, possibly altering the location of key signaling enzymes.

In conclusion, supplementation with polyunsaturated fatty acids, specifically
DHA, can influence the inflammatory response in vitro through mechanisms other than
enzyme expression. Decreased PGF,a production associated with omega-3 fatty acid
uptake in vitro, creates a likely approach for decreasing early embryonic loss in vivo

associated with post breeding inflammation commonly seen in the equine industry.
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Gene Name

Sequence

Accession
number

Cox-1

Cox-2

PGFS

PGES

PLA,

F: 5’GCTACGCGAGCACAACCGTGT
R: 5’GCATGAGTGGGTGCCAGTGGT

F: 5’GCCACGATTTGGCTGCGGGAA
R: 5’GGCACAAGGGGATGCCAGTGA

F: 5’GCCTGTCTGCAACCAGGTGGA
R: 5’AGGACTGGGGAGTTTGGGGCA

F: 5’GAGGACGCCCTGAGACACGGA
R: 5’GGCCACGGTGTAGGCCAGAGA

F: TGTTCGTGCCCAGACCTCCGA
R: 5’ AACCTCCGCCTGAGCCCAAGA

DQ246452

AB041771

NM_001081895

NM_001081935

NM_001081843
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Table 4.2 Gene expression in equine endometrial explants cultured with PUFAs for 24 h
and stimulated with oxytocin or LPS for 24 h. Quantitative PCR was performed (n =7
except Cox-1, where n=4).

Gene of Control ACt LPS ACyr LPS Oxytocin  Oxytocin

Interest Fold A ACt Fold A
Cox-1 3.940.7 4.340.7 0.77 1.7+0.9 4.67*
Cox-2 5.0+1.3 3.2+1.3 3.68* 3.1+1.5 3.74%
PGFS 7.840.9 7.840.4 1.04%* 6.4+0.5 2.77*
PGES 4.6x1.7 4.0+0.9 1.51* 4.3+0.8 1.24%*
PLA, 2.0+0.9 0.5+0.9 2.77% 0.4+0.5 3.22%

ACr + s.e.m. are presented for control and stimulated explants. Fold change (Fold A) in
stimulated explants from control explants was calculated by the 2"**“; method. Statistical
analysis was performed on ACt values with ribosomal protein S15 as the reference gene
(*P < 0.05).
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Figure 4.1 Proportion of a) AA, b) EPA, and ¢) DHA content within equine endometrial
explants when cultured with 100 uM AA, 100 uM EPA, 100 uM DHA, or 50 uM EPA +
50 uM DHA for 24 h. Endometrial explants incorporated EPA and DHA and tended to
incorporate AA. *P < 0.05, **P < 0.001.
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Figure 4.2 Effects of a) stimulant and b) fatty acid treatment on PGF,a secretion in
equine endometrial explants cultured for 6 h in the presence of no stimulus (control),
LPS, or oxytocin. Due to non-homogeneity among the variances, data was transformed
using logarithmic 10 for statistical analysis; data presented is non-transformed means +

s.e.m. *™° Means with different superscripts differ (P < 0.0001), * P < 0.0001.
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Figure 4.3 Effects of a) stimulant and b) fatty acid treatment on PGE, secretion in equine
endometrial explants cultured for 6 h in the presence of no stimulus (control), LPS, or
oxytocin. Due to non-homogeneity among the variances, data was transformed using
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