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SOMMAIRE

La lutéolyse et l'inhibition de la lutéolyse sont deux événements importants
chez la vache qui cycle et la vache gravide. La lutéolyse est la destruction du
corps jaune par l'intermédiaire de la sécrétion de prostaglandine (PG) par
I'endométre utérin. La synthése des PG endométriales pendant le cycle oestral
est sous la commande de l'estradiol (E2) de la progestérone (P4) et de
I'ocytocine (OT). Chez I'animal gravide, I'interféron-t (IFN-7), qui est sécrété
par Pembryon, inhibe la synthése de PG. Cependant les mécanismes en jeu
dans la régulation de la synthese de PG sont mal connus au niveau cellulaire.
Afin d'approfondir nos connaissances a cet égard, nous avons utilisé dans le
cadre de ces études un systéme de culture primaire des cellules épithéliales et
stromales. Nous avons postulé que 1) les hormones stéroidiennes et
I'interféron-t (IFN-t) ont des effets particuliers sur les différentes populations
de cellules endométriales, 2) les hormones stéroidiennes, 1'OT et V'IFN-t
agissent sur la voie de synthése des PG plus particuliérement sur la régulation
de I'expression de la COX-2 et de la PGFS. L objectif de cette étude était de
mettre sur pied un systéme de culture primaire qui convienne aux cellules
endométriales et qui soit sensible aux hormones stéroidiennes, a I'ocytocine et a
I'I[FN-1, d’examiner 'effet des hormones stéroidiennes sur les récepteurs de 1'E2
et de la P4 et enfin d'étudier les mécanismes par lesquels I'embryon modifie le

rapport de la PGFy, et de la PGE2.

Dans la premiére expérience, les effets des hormones stéroidiennes sur la
prolifération et la morphologie des cellules endométriales ont été examinés.
L'ajout de P4 a altéré la morphologie des cellules stromales alors que I'ajout
d'une combinaison de E2 ét de P4 a augmenté la prolifération des cellules
stromales, mais diminué le rapport protéine/ ADN chez ces cellules pendant les

4 premiers jours. La morphologie des cellules épithéliales n'a pas été altérée par
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I'ajout de stéroides. La prolifération de cellules épithéliales a été inhibée par
I'ajout de E2 (p<0,01), mais pas par l'ajout de P4 (p>0,05). Les résultats ont
démontré que I'E2 et la P4 avaient des effets différents sur la prolifération et la

morphologie des cellules épithéliales et stromales in vitro.

Dans la deuxiéme expérience nous avons étudié l'effet des hormones
stéroidiennes sur le nombre de récepteurs. Les cellules ont été mises en culture
pendant 4 ou 8 jours dans un milieu de culture additionné ou non de E2, P4 ou
de E2+P4. L’analyse de saturation a démontré la liaison spécifique de la 3H
ORG 2058 et de 3H E2 aux cellules épithéliales et stromales présentait de fortes
affinités. Dans les cellules stromales, le E2 a augmenté la quantité de récepteurs
de E2 (ER) et la quantité de récepteurs de P4 (PR) aprés 4 jours de culture
(p<0,01), de maniére proportionnelle a la dose et au temps. Utilisée seule, la P4
n‘a eu aucun effet sur les ER ou les PR (p>0,05), cependant elle a inhibé 1 effet
stimulant de la E2. Chez les cellules épithéliales, la plus faible dose de E2 utilisé
(01, 1 nM) a provoqué un accroissement du nombre de PR (p<0,01) aprés 4
jours de culture alors que la plus forte dose de E2 (10 nM), de P4 ou de P4+E2 (1
nM) utilisée n'a eu aucun effet. Par contre, le nombre d’ER a augmenté avec les
concentrations de E2 (p<0,01). Ces résultats démontrent que le nombre de PR
était plus élevé chez les cellules stromales que chez les cellules épithéliales alors
que le nombre d’ER était plus élevé chez les épithéliales que chez les cellules
stromales. E2 exerce une régulation en amont (‘upregulation’) de ces propres
récepteurs et accroit le nombre de PR dans les deux types cellulaires in vitro

alors que la P4 seule a plus d’effets mais inhibe I'effet de I'E2 sur les PR.

Dans la troisiéme expérie_nce, I'effet des hormones stéroidiennes et de
Iinterféron-t  bovin recombinant (rbIFN-t) sur la production de PG et de
cyclooxygénase-2 (COX-2) ainsi que sur l'expression du géne de la PGF
synthétase (PGFS) ont été étudiés. L'E2 entraine une diminution de la PGF, et
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de la PGE2 alors que la P4 provoque un accroissement de la sécrétion de PGF,,
dans les cellules épithéliales. Les hormones stéroidiennes n’ont eu aucun effet
sur la production de PG dans les cellules stromales. Le rbIFN-1 a atténué la
production de PGFz, et PGE2 dans les cellules épithéliales et a accru leur
production et leur rapport PGE2:PGFa, dans les cellules stromales. Le transfert
de Northern a permis de démontrer que I'E2 et le rbIFN-t a amené une
diminution de ' ARNm de COX-2 dans les cellules épithéliales. Inversement le
tbIFN-t a provoqué un accroissement de ' ARNm de COX-2 dans les cellules
stromales. En outre, le rbIFN-t a amené une diminution de I’ ARNm de la PGFS
dans les deux populations cellulaires, diminution qui était associée a une
augmentation du rapport PGE2:PGF,,. Ces résultats démontrent que la
régulation de la synthése des PG par les hormones stéroidiennes se déroulent
différemment dans les cellules épithéliales et stromales du moins in vitro.
L'inhibition de la sécrétion de PGF,, par les cellules épithéliales et
I'augmentation de la production de PGE2 par les cellules stromales par

I'intermédiaire du rbIFN-t est modulé par les hormones stéroidiennes.

Dans la quatriéme expérience, l'effet du rbIFN-t sur le nombre de récepteurs de
I'OT (OTR), la production de PG induite par I'OT et I'expression de la COX-2 et
de la PGFS dans les cellules épithéliales endométriales en culture a été étudié.
Les cellules épithéliales confluentes ont été incubées en présence ou en I’absence
de 100 ng/ml d’OT ou d’OT plus 100 ng/ml de rbIFN-t pendant 3, 6, 12 ou 24
heures. Le rbIFN-t a inhibé¢ la production de PG induite par I'OT et a réduit la
fixation a 'OTR. L'OT a amené un accroissement de 1'équilibre (steady-state
level) de 'ARNm de COX-2 et a également provoqué I'augmentation de la
production de protéines COX-2. Le rbIFN-t & inhibé I'induction d’ARNm de
COX-2 (89%, p<0,01) et la production de protéines COX-2 (50%, p<0,01) par
I'OT et a amené une diminution de la production de PG induite par la phorbol

12-myristate 13-acetate (PMA). Nous avons conclu que 1'inhibition par le rbIFN-
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© de la production de PG induite par I'OT serait due a une régulation en aval
(‘downregulation’) de 'OTR, de la COX-2 et de la PGFS et que la diminution de

COX-2 ne serait pas uniquement imputable a la diminution du nombre d’OTR.

En conclusion, ces résultats démontrent que I'E2 et la P4 ont des effets différents
sur la régulation de la prolifération, sur la morphologie, sur le nombre de
récepteurs de la PG et sur la sécrétion de cette hormone dans les différentes
populations cellulaires. In vitro, I'TFN-t a recours a deux mécanismes pour
prévenir la lutéolyse. Il stimule la sécrétion de I'agent lutéoprotecteur, la PGE2,
par les cellules stromales et inhibe la production de la lutéolysine, la PGF,, par
les cellules épithéliales. L’observation la plus importante qui ressort de ces
études est que les différentes populations de cellules endométriales répondent
de maniére différente aux hormones stéroidiennes OT et IFN-t et que
I'interaction entre ces types de cellules pourrait étre nécessaire au
fonctionnement normal des cellules épithéliales. Les résultats démontrent
également que les hormones stéroidiennes et I'IFN-t  peuvent altérer
I'expression des enzymes en jeu dans la synthése des PG. Cependant, on ne sait
toujours pas si l'effet de I'ITFN-t sur la sécrétion de PG passe par d’autres
facteurs comme I'oxyde nitreux ou les facteurs de croissance. Par conséquent, la
mise au point d'un systéme adéquat de coincubation des cellules épithéliales et
stromales est toujours nécessaire pour arriver a élucider les interactions et les

voies du signal de transduction en jeu dans I'action de 'I[FN-z.
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Summary

Luteolysis and the prevention of luteolysis are two important events in
the cyclic and pregnant cow. Luteolysis, destruction of the corpus luteum, is
caused by prostaglandin (PG) secretion from the uterine endometrium.
Endometrial PG synthesis during the estrous cycle is regulated by estradiol
(E2), progesterone (P4) and oxytocin (OT). In the pregnant animal, interferon-t
(IFN-t), secreted from the embryo, inhibits PG synthesis. However, the
mechanisms involved in the regulation of PG synthesis are not well understood
at the cellular level. To further our understanding, a primary culture system of
uterine epithelial and stromal cells was used in these studies. We hypothesized
that 1) steroid hormones and IFN-t have differential effects on the different
endometrial cell types, 2) steroid hormones, OT and IFN-t act on the PG
synthetic pathway, in particular regulating cyclooxygenase-2 (COX-2) and PG F
synthase (PGFS) expression. The objectives of this study were to establish an
appropriate primary endometrial cell culture system which could' respond to
steroid hormones, OT and IFN-t to examine the effect of steroid hormones on
the receptors for E2 and P4, and to study the mechanisms by which the embryo
modifies the ratio of PGF, to PGE2.

The effects of steroid hormones on proliferation and morphology of
endometrial cells were first examined. Addition of P4 altered the morphology
of stromal cells. E2 and P4 increased the proliferation (P<0.001) and decreased
the protein to DNA ratios in stromal cells during the first 4 days. In contrast,
the morphology of epithelial cells was not influenced by the addition of
steroids. However, the proliferation of epithelial cells was inhibited by the
addition of E2 (P<0.01), but not P4 (P>0.05). These results show that E2 and P4
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have different effects on the proliferation and morphology of epithelial and
stromal cells in vitro.

The effects of steroid hormones on their receptor numbers was
determined. Cells were cultured for 4 or 8 days in medium alone or with E2, P4
or E2+P4. Saturation analysis showed that specific binding of both 160-Ethyl-21-
hydroxy-19-nor (6,7-’H) pregn-4-ene-3,20-dione ([*H] ORG 2058) and [*H] E2 to
epithelial and stromal cells exhibited high affinities. In the stromal cells, E2
increased E2 receptor (ER) and P4 receptor (PR) numbers after 4 days’ culture
(p<0.01) in a dose- and time-dependent manner. P4 alone had no effect on either
ER or PR numbers (p>0.05), however, it did inhibit the stimulatory effect of E2.
In epithelial cells, thg lower doses of E2 used (0.1, 1 nM) stimulated the PR
number (p<0.01) after 4 days” culture, whereas, the highest dose of E2 used (10
nM), P4 alone and P4 plus E2 (1 nM) had no effect. In contrast to the PR, ER
numbers increased with the increase of E2 concentrations (p<0.01). The results
show that PR numbers were higher in the stromal than in epithelial cells,
whereas ER numbers were higher in epithelial cells than in stromal cells. E2
upregulates its own receptor and increases PR in both cell types in vitro, P4
alone had little effect but inhibited the effects of E2 on PR.

The effects of steroid hormones and recombinant bovine IFN-t (rbIFN-1)
on PG production and COX-2 and PGFS gene expression were investigated. E2
decreased both PGF,, and PGE2 whereas P4 increased PGF,, secretion in
epithelial cells. Steroid hormones had no effect on PG production in stromal
cells. rbIFN-t attenuated both PGF,, and PGE2 production in epithelial cells and
enhanced their production, and the ratio of PGE2 to PGF,y, in stromal cells.
Northern blot analysis show that E2 and rbIFN-t decreased COX-2 mRNA
levels in epithelial cells. Conversely, rbIFN-t increased COX-2 mRNA in stromal
cells. Furthermore, rbIFN-t decreased PGFS mRINA in both cell types and this
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was associated with the increase in PGE2/PGF,, ratio. These results show that
the regulation of PG synthesis by steroid hormones is different in endometrial
epithelial and stromal cells in vitro. The attenuation of PGF,, secretion from
epithelial cells and increased PGE2 production in stromal cells by rbIFN-t are
modulated by steroid hormones.

The effect of rbIFN-ton OT receptor (OTR) number, OT-induced PG
production, COX-2 and PGFS expression in cultured endometrial epithelial cells
was investigated. Confluent epithelial cells were incubated in the presence or
absence of either 100 ng/ml OT or OT plus 100 ng/ml rbIFN-t for 3, 6, 12 and
24 h. rbIFN-t inhibited ‘the OT-induced PG production and reduced OTR
binding. OT increasgd the steady-state level of COX-2 mRNA, and also
increased COX-2 protein. rbIFN-t suppressed the induction of COX-2 mRNA
(89%, p<0.01) and COX-2 protein (50%, p<0.01) by OT and decreased PMA-
stimulated PG production. OT increased PGFS mRNA, and this stimulation was
attenuated by rbIFN-t (p<0.01). It was concluded that rbIFN-t inhibition of OT-
stimulated PG production is due to downregulation of OTR, COX-2 and PGFS
and that the decrease in COX-2 is not solely due to a decrease in OTR number.

In conclusion, our results show that E2 and P4 have differential effects on
the regulation of proliferation, morphology, receptor number, and PG secretion
in the different endometrial cell populations. In vitro, IFN-t has a dual
mechanism in the prevention of luteolysis. It stimulates the secretion of the
luteoprotective agent, PGE2, by stromal cell, and inhibits the production of the
luteolysin, PGF,q, by epithelial cells. The most significant findings in these
studies are that the different endometrial cell types have differential responses
to steroid hormones, OT and IFN-t, and the interaction between cell types
might be necessary for the normal function of epithelial cells. The results show

that the steroids and IFN-T can affect the expression of the enzymes involved in



PG synthesis. However, it is still not known if the effects of IFN-t on PG
secretion are mediated by other factors (such as nitric oxide or growth factors).
Therefore, a suitable coincubation system of stromal and epithelial cells is
needed for the further elucidation of interactions and the signal transduction

pathways involved in IFN-t action.
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AVANT-PROPOS (PREFACE)

Cette thése comprend une introduction générale, qui renferme
I'hypothése de départ, une revue de littérature générale; 4 articles comprenant
chacun une introduction, une section Matériel et meéthodes, des résultats, une
discussion et des références; une discussion générale ainsi qu'une conclusion

générale.

This thesis comprises a general introduction, which presents the overall
hypothesis for the study; a general literature review; four publishable articles,
each of which contains specific introduction, materials and methods, results,

discussion and references; a general discussion and general conclusion.
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1. Introduction

Luteolysis and the prevention of luteolysis are two key events in the
reproductive process of ruminants. The luteal regression at the late stage of the
luteal phase in cyclic ruminants is caused by an episodic release of
prostaglandin (PG) Fa, (PGF2,) from the uterine endometrium, which is evoked
by oxytocin (OT) after binding to specific endometrial receptors (Bazer et al.,
1991). OT receptor (OTR) number, which is regulated by ovarian steroid
hormones [estrogen (E2) and progesterone (P4)], determines the sensitivity of
uterine endometrium to OT stimulation. The minor increase in OTR numbers at
the late stage of the l_ufeal phase is believed to be responsible for initiating the
pulsatile release of PGFz, from the endometrium (Mann and Lamming, 1994;
Lamming and Mann, 1995). E2 increases, and P4 inhibits, receptors for E2, P4
and OT. Prolonged (approx. 10 days) exposure of endometrium to high levels of
P4 completely inhibits P4 receptors (PR) and thus releases the inhibitory effect
of P4 on E2 receptor (ER) numbers (‘progesterone block’). Without the P4
inhibition, receptors for E2 and OT increase in response to E2 (McCracken et 4l.,

1984).

In pregnant ruminants, the establishment of pregnancy requires that the
conceptus modify the secretion of PGFy, from the endometrium, so that
regression of the corpus luteum (CL) does not occur and P4 secretion is
maintained. P4, the hormone of pregnancy, is responsible for maintaining
endometrial functions that permit early embryonic development, implantation
and successful fetal/placental development. The luteolytic release of PGF,
during late diestrus is reduced in the presence of a conceptus (Hooper et al.,

1986; Zarco et al., 1988). Reduced responsiveness of endometrium to OT during



early pregnancy (McCracken, 1980; Fairclough ef al., 1984; Mirando et al., 1990a;
Mirando et al., 1990D) is attributed to an inhibition of the increase in endometrial

ER and OTR (McCracken et al., 1984; Sheldrick and Flint, 1985) and also

probably to the post-receptor mechanisms.

Type-1 trophoblast interferon-t (IFN-1) is the antiluteolytic protein
secreted by conceptuses of sheep and cattle during maternal recognition of
pregnancy (Bazer et al, 1991). Ovine IFN-t (oIFN-t) inhibits OT-induced
endometrial PGF,, secretion (Vallet et al., 1988; Mirando et al., 1990a) when
infused into the utérine' Jumen of cyclic ewes. Treatment with natural or
recombinant bovine IFN-t (bIFN-t) reduced the OT-induced secretion of PGFa,
and PGE2 by cultured bovine endometrial epithelial cells (Danet-Desnoyers et
al., 1994; Asselin et al., 1997). However, the complete mechanism whereby IFN-t
inhibits endometrial responsiveness to OT and prevents CL regression during

early pregnancy is not well known.

Overall, what is presently believed to occur during luteolysis and early
pregnancy is as follows. E2 increases the numbers of PR, ER and OTR, while P4
decreases them. During the first 10 days of the luteal phase, P4 keeps the ER
number low. At the late stage of luteal phase, with the completion of P4 block,
ER number increases and subsequently OTR number increases due to the
stimulation by E2. The endometrium becomes sensitive to OT, PGF2, secretion
by uterus increases in response to OT and luteolysis is initiated. In the pregnant
cow, IFN-t attenuates PGF, secretion by inhibiting ER and OTR expression.
However, the effect of steroid hormones and IFN-t on the post-receptor
mechanisms of PG synthesis, such as regulation of PG G/H synthase (or
cyclooxygenase, COX) and PG F synthase (PGFS) are not well understood.

Furthermore, due to the complex interactions in vivo, the respective roles of the



different uterine endometrial cells in the initiation and prevention of luteolysis
have not been clarified. This study will establish an appropriate primary
endometrial cell culture system and examine for the first time the regulation of
gene expression involved in prostaglandin synthesis by steroid hormones and
embryonic signal, IFN-t. The information gained will be important to the
understanding of the pathophysiology of pregnancy establishment and
maintenance failure and provide new strategies for improvement of domestic

animal reproduction.



2. Literature Review

2.1. Estrous cycle

The cow is a polyestrous animal, once estrous cycles are established they
continue indefinitely, unless interrupted by pregnancy. The average length of
the estrous cycle in the cow is 21 days and is classically divided into four phases
(Fig. 1): estrus (Day 0), the period of sexual receptivity; followed by metestrus
(Days 1-4), the postovulatory period; diestrus (Days 5-18) corresponds to the
luteal phase and pro-estrus (Days 18-20) is the period just prior to estrus. Hstrus
marks the beginning of each estrous cycle and lasts about 7 h (6-30 h) (Peters

and Ball, 1987).

Various steroid hormones are secreted by the bovine ovary, the most
important of which are the estrogens and P4. The principal biologically active
estrogen is estradiol-17p (E2), which is produced by the granulosa cells of the
follicle (Hay and Moor, 1978). Concentrations of E2 are low in peripheral
plasma for most of the estrous cycle (Fig. 2). They rise during the four days
before estrus reaching a peak on the day of, or the day before, standing estrus
(Glencross and Pope, 1972; Glencross ef al., 1973). A secondary peak in E2
concentrations occurs on Day 6 of the cycle and appears to be related to the
presence of a large follicle (Glencross et al., 1973; Ireland and Roche, 1983). P4 is
secreted by the cells of corpus luteum. Plasma P4 concentrations begin to rise
from about Day 4 of the cycle, reaching a peak around Day 8 and remaining
high until Day 17 (Fig. 2). Concentrations then decline to below 1 ng/ml before

the next estrus and ovulation.

2.1.1. Ovulation and formation of the corpus luteum



Fig.1. The four stages of the estrous cycle in cow. Adapted from AR Peters
and PJH Ball (1987)
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Fig. 2. Changes in blood plasma hormone concentrations during the

bovine estrous cycle (schematic): __ , estradiol; _ _ _
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progesterone. Adapted from AR Peters and PJH Ball (1987).
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Cows ovulate spontaneously 12-15 h after the onset of estrus in response
to an E2-induced discharge of luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) from the anterior pituitary. After ovulation and during
metestrus, the cavity of the ovulated follicle is invaded by cells derived from the
granulosa and theca interna layers of the follicle. These cells are large and
termed luteal cells and are richly supplied with blood vessels. The structure
usually protrudes from the surface of the ovary, is yellow-brown in colour and
is known as the corpus luteum (CL). This process is termed luteinization
(Schwall et al., 1986). The CL begins to secrete P4 on about day 4, marking the
beginning of diestrus, and reaches its maximum size and activity between days
7 and 14. The CL persists on the surface of the ovary until a few days before the
next ovulation, when it begins to degenerate rapidly, a process known as

luteolysis (Peters and Ball, 1987).
2.1.2. Luteolysis and luteolysin

Luteolysis is essential for the normal estrous cycle and is uterus-
dependent in ruminants. Removal of the uterus (hysterectomy) results in the
prolongation of the luteal phase (Wiltbank and Casida, 1956) and each uterine
horn exerts its luteolytic effect on the ipsilateral corpus luteum only. This is
because the uterus-derived PGFa, was shown to be transferred to the ovary by a
countercurrent exchange system. PGFa, is released from the endometrium into
the uterine vein, the ovarian artery is closely associated with the utero-ovarian
vein and there is diffusion of PGF2, from the uterine vein to the ovarian artery
and hence to the CL (Fig. 3) (McCracken et al., 1972; McCracken et al., 1973). If
the ovary and uterus are surgically separated, then the life span of the CL is

prolonged (Hixon and Hansel, 1974). However, the identity of the luteolytic



Fig. 3. Utero-ovarian vasculature in the sheep. PGFy, is believed to leave
the uterus via the uterine vein and is transferred to ovarian arterial
blood by diffusion through the walls of the utero-ovarian vein and

ovarian artery. Adapted from AR Peters and PJH Ball (1987).



Ovary
Uterine horn

PGF;,

Utero-ovarian vein TUterine artery

QOvarian artery



factor was not known until the observation of the luteolytic effect of PGF,, in rat
by Pharriss and Wyngarden (1969). This was confirmed in sheep by the intra-
arterial infusion of PGFa,, which caused rapid luteolysis (McCracken et al.,
1972). PGFa, is released as a series of episodic surges on days 14 to 15 of the
ovine estrous cycle and can be detected in utero-ovarian plasma (Thorburn et al.,
1973). This episodic release of PGFz, was subsequently confirmed by the
detection of 13,14-dihydro-15-keto-PG F, (PGFM) in the peripheral blood of
sheep around the time of luteolysis (Peterson et al., 1976). In view of the
pulsatile nature of PGFa, secretion from the uterus at luteolysis, pulsed infusion
of PGF2,, when given directly into the arterial supply of ovary of the sheep, was
more effective than a single dose in causing complete CL regression (Schramm

et al., 1983).

Uterine-derived PGF,, binds to receptors on luteal cells and initiates
intracellular events which terminate production of P4 and induce cell death.
Luteolytic effects of PGFz, have been attributed to a: (1) decrease in luteal blood
flow (Nett et al., 1976; Niswender et al., 1976); (2) reduction in the number of LH
receptors (Fletcher and Niswender, 1982); (3) direct cytotoxic effect on luteal
cells (Niswender et al., 1985); (4) decreased utilization of lipoprotein cholesterol
for P4 synthesis, including a suppression of luteal cholesterol synthesis (Pate
and Condon, 1989); (5) reduced activity of the steroidogenic enzymes (Caffrey et
al., 1979; Torday et al., 1980); (6) change in lipid composition and increased
membrane fluidity (Riley and Carlson, 1985).

2.1.3. Changes in endometrium

During the estrous cycle, major histological and biochemical changes in the

uterus takes place. These changes are believed to be regulated by ovarian
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steroid hormones. The most striking changes occur in the endometrium and its
glands. During the follicular phase of the cycle the uterine glands are rather
simple and straight, with few branchings. This appearance of the glands is
typical of E2 stimulation, and it can be duplicated by the injection of E2 into
castrated females. Histological sections through E2-stimulated uterine
endometria show a multitude of spaces, which are the lumina of the simple,

nearly unbranched glands (Nalbandov, 1976).

During the luteal phase, when P4 is acting on the uterus, the endometrium
increases in thickness conspicuously. The glands grow rapidly in diameter and
length, becoming extremely branched and convoluted. There is a cyclic
sloughing off and regeneration of the uterine endometrium, a process that
seems to be hormone-controlled, just as in primates. Endometrial destruction
and regeneration in cows involve no bleeding, possibly because only the
epithelial layer of the endometrium is involved, and it takes place late in the
luteal phase and is completed by the onset of the follicular phase (Nalbandov,
1976).

2.2. Regulation of PGF;, secretion in uterine endometrium

Uterine endometrium is composed of two major cell populations, the
epithelium and the stroma. The epithelium secretes mainly PGF,, while the
stroma produces mainly PGE2 (Fortier et al., 1988). The pulsatile release of
PGFy, from the endometrium is induced by oxytocin (OT) and this response is
mediated by OTR. OTR number changes during the estrous cycle and is closely
correlated to the profile of ovarian steroid hormones (E2 and P4). E2 and P4 are
believed to control the sensitivity of the endometrium to OT stimulation by

regulating the OTR numbers.
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2.2.1. Synthesis of PGs

PGs are produced by virtually every nucleated cell of an organism (Heap
et al., 1985). These metabolites of arachidonic acid, first identified in seminal
plasma, are involved in the regulation of several reproductive processes (Smith
et al.,, 1996). Arachidonic acid is liberated from the membrane bound
phospholipid by phospholipase A2 (PLA2) (Fig. 4). Several phospholipases have
been characterized, including cardiac and secretory PLA2. Phospholipases were
originally considered to be the most important regulatory step in PG production
(Williams and DuBois, 1996). Following liberation from phospholipid, free
arachidonic acid is converted to PG G/H2 (PGH2), the precursor of PGs, via PG
G/H synthase (PGHS). PGHS is also refered to as cyclooxygenase (COX). COX
is the rate-limiting enzyme in the PG synthesis pathway. It is a bifunctional
enzyme, catalyzing both the bisoxygenation of arachidonic acid to the
hydroperoxy arachidonate metabolite PGG2 as well as catalyzing the
peroxidative reduction of PG G2 to the endoperoxide PGH2 (Williams and
DuBois, 1996).

Two isoforms of COX have been identified, COX-1 and COX-2. COX-1
was purified from bovine vesicular glands by Miyamoto et al. in 1976. COX-1 is
a constitutively expressed enzyme and its mRNA and protein are present at
relatively stable levels in many tissues. In 1989, Simmons et al. identified a
second, inducible form of COX (COX-2). This COX isoform was independently
identified by differential screening of a phorbol ester-stimulated Swiss-3T3
fibroblast cDNA library (Kujubu et al., 1991). COX-2 expression is inducible by a
wide range of extracellular and intracellular stimuli, including
lipopolysaccharide (LPS) (O'Sullivan et al., 1992), interleukin-1 (IL-1), tumor
necrosis factor (INF) (Jones et al., 1993), serum (DeWitt and Meade, 1993),
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Fig. 4. Arachidonate metabolism via cyclooxygenase pathway. Schematic
representation of the regulation of arachidonic acid metabolism as it
relates to cyclooxygenase enzymes. OT, oxytocin; IL-1B, interleukin-1p;
LPS, lipopolysaccharide; LH, luteinizing hormone; FSH, follicle
stimulating hormone; EGF, epidermal growth factor; TNFa, tumor
necrosis factor-o; TGFa, transforming growth factor-a. Adapted from CS

Williams and RN Dubois (1996).
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epidermal growth factor (EGF) (Hamasaki et al., 1993), transforming growth
factor-a. (TGF-a) (DuBois et al., 1994), human chorionic gonadotropin (HCG)
(Sirois, 1994), interferon-y (IFN-y) (Riese et al., 1994), platelet activating factor
(PAF) (Bazan et al., 1994).

PGFS is the enzyme responsible for the conversion of PGH2 to PGF,,. A
PGFS transcript from bovine lung was about 1.4 kb (Watanabe et al., 1938).
Another enzyme, PGE synthase (PGES) is responsible for the conversion of

PGH2 to PGE2, and PGE2-9-ketoreductase can convert PGE2 to PGFa,.
2.2.1.1. Localization of cyclooxygenases

The human COX-1 locus maps to chromosome 9q32-q33.3. Fluorescence
in situ hybridization localized human COX-2 to chromosome 1q25.2-q25.3
(Yokoyama and Tanabe, 1989). COX has been localized by
immunocytochemistry to the endoplasmic reticulum with the dioxygenase
activity oriented toward the cytoplasm (Merlie et al., 1988). COX-1 functions
primarily in the endoplasmic reticulum, whereas COX-2 activity is located in
both the endoplasmic reticulum and the perinuclear envelope (Morita et al.,
1995). If COX-1 and COX-2 are located in separate subcellular compartments,
then the distribution of their metabolites may also be partitioned. Eicosanoid
products produced via COX-2 could be preferentially distributed to the nuclear
compartment of the cell and therefore may modulate transcription of target

genes (Williams and DuBois, 1996).
2.2.1.2. Genomic structure of cyclooxygenases

The genomic structure of both human (Yokoyama and Tanabe, 1989) and

murine (Kraemer et al., 1992) COX-1 is composed of 11 exons and 10 introns



14

spanning 22.5 kb (Fig. 5). By comparison, the human COX-2 gene is only 8.3 kb
in size. This reduction in size is primarily due to smaller introns. Most of the
exons are conserved, with the exception of the absence of exon 2 in COX-2. The
primary structures of these two isoenzymes were shown to be about 60%
identical, as determined from deduced amino acid sequences of complementary
DNAs (cDNAs) encoding COX-1 and/or COX-2 in sheep (DeWitt and Smith,
1988; Merlie et al., 1988), chickens (Xie et al., 1991), mice (DeWitt et al., 1990;
Kujubu et al., 1991) and humans (Funk et al., 1991; Hla and Neilson, 1992). The
comparison of each COX isoform across species reveals a high degree of
homology (~90%). Although the two isoforms are encoded by distinct genes
located on different chromosomes (Funk et al.,, 1991; Xie et al., 1993), the
structural and putative functional domains involved in enzyme catalysis are
highly conserved (Kujubu et al., 1991; Xie et al., 1991; Hla and Neilson, 1992).
However, the major difference between the two isoforms is their different

patterns of expression and regulation in mammalian cells.
2.2.1.3. Expression of cyclooxygenase genes

The transcription of COX-1 and COX-2 yields mRNAs that are 2.7 and 4.5 kb in
size, respectively. COX-1 mRNA encodes a 565-residue, 65-kDa protein
containing a short signal peptide and four possible N-linked glycosylation sites.
COX-2 is a 70-kDa protein and is about 75% homologous to the COX-1 protein.
The cyclooxygenase and peroxidase regions are conserved between the two
proteins (O'Banion et al., 1992).

After mitogenic stimulation, the level of COX-2 mRNA rapidly increases
within 30 min in a cycloheximide-independent fashion in human endothelial

cells (DeWitt and Meade, 1993; Jones et al., 1993) and remains elevated for 6-8 h
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Fig. 5. Human cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2)
genomic structure. Adapted from CS Williams and RN DuBois (1996).
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before rapidly declining to baseline levels within 24 h in rat intestinal epithelial
cells (DuBois ef al., 1994). Additional stimulation results in no further COX-2
production, providing a classic example of immediate early or primary response
gene activation (Nathans et al., 1988). High levels of gonadotropins caused a
dramatic, but transient, induction of COX-2 mRNA and protein in granulosa
cells of rat (Wong and Richards, 1991; Sirois et al., 1992a; Sirois and Richards,
1992b) and bovine (Sirois, 1994) preovulatory follicles in vivo and in vitro, but
had no effect on COX-1 expression. The induction of COX-2 mRNA in bovine

preovulatory follicles by gonadotropin takes much longer (18 h) (Sirois, 1994).
2.2.2. OT stimulation of the luteolytic release of PGFz,

OT is the hormone responsible for the pulsatile release of PGFz, and the
induction of luteolysis. A role for OT in luteolysis was originally proposed by
Armstrong and Hansel (1959) who showed that OT caused premature
regression of the CL, this action no longer occurred if the uterus was removed
(Armstrong and Hansel, 1959; Anderson et al., 1965; Ginther et al., 1967). OT
stimulates PGFz, production from the uterus in heifers (Lafrance and Goff, 1985;
Schams et al., 1985) and cultured bovine endometrial cells (Asselin et al., 1997).
In ruminants, pulses of OT occur concurrently with pulses of PGFz, during
luteolysis and most of this OT appears to be secreted from the CL (Walters and
Schallenberger, 1984). In nonpregnant ewes, 96% of OT pulses occurred in
association with a PGFz, pulse, whereas in pregnant ewes 86% of OT pulses
were not associated with a rise in PGFs, (Hooper ef al., 1986). A similar
correlation between pulses of OT and PGFz, occurs during luteolysis in cattle.
The most conclusive evidence for a role of OT in luteolysis is that treatment of

ewes or goats with OT antagonist or antiserum against OT prevents or delays
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luteolysis (Schams, 1983; Homeida and Khalafalla, 1987). The cellular
mechanism by which OT stimulates the PGs secretion is up-regulation of COX-2
gene expression, rather than COX-1 and PLA2 mRNA (Asselin et al., 1997).

OT is a nonapeptide (H-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2) and
is synthesized as part of larger precursor molecule in discrete populations of
magnocellular neurons in the supraoptic and paraventricular nuclei of the
hypothalamus (Watson et al, 1982). The precursors are packaged into
neurosecretory granules which are transported along the axons to the
neurohypophysis, during which time processing occurs to produce OT plus its
associated neurophysin (Wathes, 1989). However, the pituitary gland is not the
only tissue that produces OT. Ovarian oxytocic activity was observed in extracts
of corpus luteum in cow (Fields et al., 1980; Fields et al., 1983). The direct
evidence for ovarian biosynthesis of OT was obtained from in vitro studies of
bovine luteal cells. When incubated with *S-cysteine, these cultures produced
labelled OT which co-eluted with synthetic OT on HPLC (Swann et al., 1984;
Wathes et al., 1986).

The OT level in the ovary fluctuates during the estrous cycle (Fig. 6). OT
is low in pre-ovulatory follicles (Wathes et al., 1984; Kruip et al., 1985; Schams et
al., 1985). Following ovulation there is a dramatic increase in the OT content of
the young CL, with peak levels reached in the mid-luteal phase (days 8-12)
(Wathes et al.,, 1984; Fuchs, 1987). In contrast to the mid-cycle peak in OT
content, measurements of OT mRNA show that transcription is maximal in the
first few days of the cycle, peaking around day 3 and declining to very low
levels from day 11 onwards (Ivell et al., 1985). The lag between the peaks of
mRNA and peptide must be caused by a delay in post-translational processing.

Blood levels of OT follow the same trend as those in the CL, with a maximum in
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Fig. 6. The alteration in the luteal content of oxytocin mRNA, okytocin, and
progesterone, and the blood levels of oxytocin and progesterone during

the estrous cycle of the cow. Adapted from DC Wathes (1989).
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the early- to mid-luteal phase (Schams, 1983; Wathes et al., 1992). Both blood
and tissue concentrations of OT drop before the P4 level starts to decline at
luteolysis (Wathes et al., 1984; Schams et al., 1985). The secretion pattern of OT
varies at different stages of the cycle. During the follicular phase, circulating
levels are extremely low and only an occasional pulse can be detected (Walters
and Schallenberger, 1984). These authers showed, as the luteal phase proceeds,
OT levels fluctuate around an increasing baseline which is highest on about day
8. This overall secretion pattern is maintained, with a gradual decrease in
baseline, until luteolysis begins on about day 18. At this stage, OT is released in
distinct surges (each lasting about 2-3 h) with an interpulse interval of about 8 h
(Schams et al., 1985). The corpus luteum contains a finite store of OT, which
cannot be replenished (Wathes and Lamming, 1995). In pregnant animals this is
nearly all released by the fourth week of gestation (Parkinson et al., 1992) so that
after this time there are no further major episodes of OT secretion. Some release
of OT may still occur from the neurohypophysis during pregnancy but, until the
animal goes into labour, this is usually insufficient to stimulate uterine secretion

of PGFa,.

A positive feedback loop exists between uterine PGF;, and luteal OT.
Luteal OT stimulates uterine secretion of PGF,, and PGF», stimulates secretion
of OT from the CL (Flint and Sheldrick, 1983; 1986). During spontaneous
episodes of PGF,, secretion, concentrations of PGFz, in the utero-ovarian
venous effluent increase before any increase in concentrations of OT is
detectable (Moore et al., 1986). Therefore, activation of the feedback loop begins
on the uterine side of the loop. However, the stimulus that initiates secretion of

PGF», is not known.
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2.2.3. OT receptor and uterine sensitivity to OT stimulation

The possible role of uterine OTR in regulating the timing of luteolysis
was suggested by McCracken ef al. (1981) and it is now well established that OT
binding to its receptor in the endometrium in the late luteal phase can trigger
the release of PGF,, (Flint et al., 1990; Silvia et al., 1991; Wathes and Hamon,
1993). Sensitivity of the uterus to circulating OT is determined by the
concentration of the OTR on the cells in the uterine endometrium.
Concentrations of OTR rise approximately 500-fold in the uterine endometrium
at the time when luteal regression occurs (Roberts and McCracken, 1976;
Sheldrick and Flint, 1985). Furthermore, premature induction of the OTR by
administration of E2 results in premature luteolysis (Hixon and Flint, 1987), and
inhibition of receptor expression by continuous administration of OT (which
causes receptor downregulation) delays luteolysis (Flint and Sheldrick, 1985;
Sheldrick and Flint, 1990). Since responsiveness of the uterus to OT is
determined by the expression of the receptor, administered OT is seldom
luteolytic in cattle, although it has been shown that OT administered shortly
after estrus (when OTR concentrations remain high after the previous luteal
regression) results in the shortening of the cycle in cattle (Armstrong and

Hansel, 1959; Anderson et al., 1965).

The time at which luteal regression occurs is determined principally by
the time at which the OTR is generated in the uterus. Luteal OT concentrations
are highest during the early mid-luteal phase, and decrease dufing the late
luteal phase (Wathes and Denning Kendall, 1992). Conversely, the OTR
numbers are very low at days 5-16, and increase at day 17, and reach the peak at
estrus, then decrease at days 1-4 (Wathes and Lamming, 1995). This suggests

that OT stimulation of PGF,, at the time of luteolysis is regulated by uterine
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OTR numbers. The use of radioactive labelled OT to localize these binding sites
(Ayad et al., 1991) and in situ hybridization to detect the location of OTR mRNA
(Stevenson et al., 1994) revealed that the initial minor increase in PGF,,, which
occurred only in nonpregnant animals, was attributable exclusively to the
appearance of receptors on the luminal epithelium. This change occurred before
any measurable decline in circulating P4 concentrations, at a time when OT
injection in vivo first leads to episodes of PGFy, release (Roberts and McCracken,
1976; Fairclough et al., 1984). Maximum concentrations of OTR are therefore not
reached until luteolysis is complete and are not required to achieve either the
initial luteolytic spikes or a high output of PGFz,. The small increase in the
number of receptors on day 17 in cows occurs concomittantly with the start of
luteolytic episodes of PGF,, release (Mann and Lamming, 1994; Lamming and
Mann, 1995). What causes the minor increase in OTR at the late stage of estrous

cycle?
2.2.4. Regulation of OTR by steroids

The OTR expression is determined, at least in part, by circulating
concentrations of steroid hormones (Vallet et al., 1990; Beard et al., 1991; Zhang
et al., 1992). Sheldrick and Flint (1985) showed that a marked increase in the
concentration of endometrial OTR occurred simutaneously with the decline in
plasma P4 concentration at luteolysis and the preovulatory increase in plasma
E2 concentration. McCracken (1980) used an indirect OT-induced uterine PGF,,
response test to monitor OTR concentrations. A 12-day infusion of P4 and a 12-h

infusion of E2 was needed before the uterus responded to OT challenge.

Treatment of ovariectomized ewes with P4 alone results in a rapid and

complete loss of OTR (Wathes and Lamming, 1995). After about 10-12 days
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some reappear even though P4 concentrations remain high (Vallet et al., 1990;
Fairclough and Lau, 1992). The receptors that develop in these circumstances
are located exclusively on the luminal epithelium and the localization resembles
that on day 14 of the natural cycle (Wathes and Lamming, 1995). Vallet et al.
(1990) concluded that P4 initially depressed the OTR and that after long term

treatment 4 caused a rise in the OTR.
2.2.5. Hormonal regulation of steroid receptors

The effect of steroids on OTR is mediated by steroid receptors and the
bovine endometrium is a highly sensitive target organ for ovarian steroid
hormones. The endometrial steroid receptor numbers determine the sensitivity
of uterus to steroid stimulation and are themselves regulated by steroid

hormones.

E2 receptor (ER) and P4 receptor (PR) concentrations change throughout
the estrous cycle in response to changes in circulating steroid hormone
concentrations (Boos et al., 1996). PR and ER concentrations are very high
during follicular phase, and low in the luteal phase. It is generally accepted that
P4 and E2 exert opposing effects on steroid receptors in the uterus. E2 increase
ER and PR number and P4 decreases PR and ER numbers (Vesanen et al., 1988;
Vesanen et al., 1991).

McCracken et al. (1981) proposed that the duration of the luteal phase
was determined by rising P4 concentrations in the early luteal phase
downregulating its own receptor via a ‘progesterone block’ which lasted about
10 days. Loss of this inhibitory influence was thought to be the initiating factor

in luteolysis, as it allowed OTR formation.
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2.3. Actions of PGs in the uterus
2.3.1. Roles of PGs in implantation

PGs are involved in several aspects of implantation such as increase in
vascular permeability (Kennedy, 1980; 1985) and changes in uterine blood flow
(Burka, 1983) via their effect on cAMP (Kennedy, 1983). Blocking the synthesis
of PGs with indomethacin during the first few days of pregnancy inhibits or
delays implantation in mice (Saksena et al., 1976), rats (Kennedy, 1977), hamsters
(Evans and Kennedy, 1978), and rabbits (Hoffman, 1978), and the implantation
sites appeared later and were smaller than in control animals and the
embryonic development was retarded. Furthermore, the expected localized
increases in vascular permability associated with implantation are blocked or

delayed by indomethacin in rats (Kennedy, 1977) and rabbits (Hoffman, 1978).

The concentration of PGs increases in decidualizing tissue in normal
pregnant animals, and this increase is blocked by indomethacin (Kennedy,
1977). Exogenous PGs increase vascular permeability in the uterine lumen.
However, there has been some disagreement about which of the PGs is most
effective. Kennedy (1979) found that PGE2 was effective in increasing vascular
permeability of uterine lumen whereas PGF2, was not. On the other hand,
constant infusion of PGF2, was as effective as PGE2 (Kennedy and Lukash,
1982). It has been shown that there are specific receptors for PGE2 in the stroma
of rat endometrium (Kennedy, 1983) and that their concentration increases with
P4. There are no receptors for PGFy, in the rat endometrium (Martel et al., 1985).
It has been suggested that any effect of PGF2, on decidual tissues is a result of its

conversion to PGE2 or because PGF,, cross-reacts with PGE2 receptors.

2.3.2. Roles of PGs in parturition
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PGs play a central role in the initiation of parturition in all species
studied (Mitchell and Flint, 1978; Kanda and Kuriyama, 1980; Teixeira et al.,
1994; Zhang et al., 1996). Administration of PGs in vivo or in vitro markedly
stimulate uterine contractility and enhance uterine sensitivity to other
uterotonic agents (for example, oxytocin) (Crankshaw, 1995; Baguma-Nibasheka
et al., 1998) and results in abortion (Borten and Friedman, 1985) or labour in
human (Maymon et al., 1992). Treatment with PG synthase inhibitors (such as,
aspirin and indomethacin) lengthens the gestation period, prolongs labor
(Aiken, 1972) and arrests preterm labor induced with glucocorticoids in sheep
(Mitchell and Flint, 1978). The sensitivity of the isolated longitudinal rat
myometrium to exogenous PGs increases during the last stage of gestation
(Kanda and Kuriyama, 1980). PG production by uterine and intrauterine tissues
increases as pregnancy proceeds (Hirst et al., 1995a). In sheep, PGs increased in
maternal and fetal plasma and amniotic fluid before the increase in uterine
mechanical activity during induced preterm labor (Olson et al., 1985). The
myometrium, endometrium, chorion, amnion and placenta are all potential

sources of PG involved in parturition (Elger et al., 1986).

Amnion membrane is a major source of PGs in the pregnant human
uterus. The specific activity of COX, the enzyme catalyzing the committing step
of prostanoid biosynthesis, in human amnion increases markedly with the onset
of labor at term and further increases during term and preterm labor (Zakar et
al., 1994; 1996). COX-2, but not COX-1 mRNA levels increased following
spontaneous parturition and were correlated with enzyme activity in human
amnion (Cheng et al., 1993; Hirst et al., 1995b). Similarly, a selective increase in
COX-2 expression and activity in chorion trophoblasts and mesenchymal cells

with term labor onset was also observed (Mijovic et al., 1997). The placenta is a
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major site of PG production throughout pregnancy. The cellular localization of
COX in placenta changes during ovine pregnancy, from predominantly
maternal during the first half of gestation to undetectable and then to
predominantly trophoblastic between Day 114 and term. Appearance of COX in
the trophblast was considered to provide the trigger to the onset of parturition
in sheep (Boshier et al., 1991). The site of PG production during ovine pregnancy
changes with a gestation-dependent manner. Furthermore, It has been shown
that both COX-1 and COX-2 expression increased in the chorion laeve at term
before labor, with COX-2 as the functionally prevalent isoform. This suggested
the possibility that PGs originating in the fetal membranes promote the onset of
normal labor (Mijovic et al., 1998).

2.4. Maternal recognition of pregnancy

During early pregnancy, changes take place in response to the presence
of a viable conceptus within the reproductive tract. These changes are assumed
to result from the interaction of specific biochemical signals produced by the
conceptus with receptors in the maternal system to create a uterine environment
appropriate for continued embryonic growth and development. Short (1969)
first used the term ‘maternal recognition of pregnancy’ to define this
interchange of information during pregnancy. This dialogue can occur at
various critical stages during pregnancy, but one critical process in ruminants
involves paracrine regulation by the conceptus of the underlying endometrium
that leads to an attenuation of luteolytic PGF», secretion. This antiluteolytic
effect of the conceptus (Thatcher et al., 1986) is the primary cause of maintenance

of the corpus luteum in cattle.

2.4.1. Embryonic signal
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2.4.1.1. Existence and identification

Early studies in the sheep by Moor and Rowson (1964) and in cow by
Betteridge et al. (1978) demonstrated that the transfer of an embryo to the uterus
of a synchronized non-pregnant recipient would prevent cyclic regression of the
corpus luteum in the recipient even if transfered as late as day 13 of the cycle for
sheep, day 16 for cow. Bovine blastocysts undergo a period of elongation,
beginning around Day 14 of pregnancy. They appear to signal their presence to
the mother at about Day 16, just after elongation is initiated (Betteridge ef al.,
1978; Betteridge et al., 1980). Cows from which conceptuses were removed after
Day 17 had extended interestrous intervals compared to controls when
conceptuses were removed at Day 13 (Northey and French, 1980). Later work
indicated that the same effect could be achieved by infusing extracts or

homogenates of embryos into the uterus (Moor, 1968; Martal et al., 1979).

The signal produced by the conceptus was believed to be a protein
because treatment of conceptuses with heat, or conceptus homogenates with
proteases, destroyed activity (Rowson and Moor, 1967; Martal et al., 1979).
Martal et al. (1979) first purified a low molecular weight active factor from ovine
conceptus homogenates, which was termed trophoblastin. Moreover, the active
factor is present in Day 17-18 but not Day 12 conceptuses (Northey and French,
1980). Godkin et al. (1982) purified a protein that was released by conceptuses
between Days 13 and 21 in vitro. Because the protein originated from the
trophoblast and was the first discernible polypeptide secreted by conceptuses, it
was designated ovine trophoblast protein-1 (0TP-1) (Godkin et al., 1984b) and is
presumably the same protein as trophoblastin. A single Day 16 embryo is
estimated to produce from 100 to 500 pg of oTP-1ina 24 h cultufe period in

vitro (Ashworth and Bazer, 1989). A similar protein has been identified in
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bovine trophoblasts (Bartol et al., 1985), known as bovine trophoblast protein-1
(bTP-1) (Helmer et al., 1987) and classified as bovine interferon-tau (bIFN-1).

2.4.1.2. Characteristics

bTP-1 is a glycoprotein complex. The preprotein of bTP-1 contains a 23
amino acid signal sequence and a 172 amino acid sequence of the mature
protein (Imakawa et al., 1989). A potential site for N-glycosylation at Asn’® exists
in bIFN-t transcripts and seven isomers of two size classes (22 and 24 kDa) are
present in the secreted proteins, which differ in isoelectric point. These isomers
are glycosylation variants and N-linked glycoproteins, because deglycosylated
products migrate as a single band (18 kDa) during electrophoresis. It was
believed that these bTP-1 variants arise as a single translation product that
undergoes differential post-translational glycosylations (Helmer et al., 1988).
However, the analysis of recombinant cDNA cloning appears to provide
evidence that the various isoforms of bTP-1 produced by trophoblast tissue
arise, in part, from translation of multiple mRNAs which are themselves the
products of distinct genes (Roberts et al., 1991). Base sequencing of several
cDNAs corresponding to the mRNA for bTP-1 isolated from cDNA libaries
representing day 18-19 bovine conceptus poly (A)* mRNA that multiple
mRNAs for bTP-1 exist. The mRNAs average about 1 kb in length. One
apparently full-length cDNA clone consisted of 1035 bases up to the beginning
of the poly (A) tail (Imakawa et al., 1989). The pattern of bTP-1 expression varies

considerably between conceptuses (Gross et al., 1988b).
2.4.1.3. Structure of bIFN-t genes and proteins

Like other Type I interferon genes, IFN-t genes are intronless and have a

585 base pair open reading frame coding for a IFN-t preprotein. bTP-1 was
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initially identified as type I interferon following cDNA cloning and amino acid
sequencing and later given the greek letter designation tau (t). Bovine
interferon-t (bIFN-t) and IFN omega (IFN-o) genes were localized to

chromosome 8 band 15 (Ryan et al., 1993).

bTP-1 exhibits approximately 85% identity in ¢cDNA sequence with
bovine IFN-ay in their protein-encoding regions and approximately 70%
sequence identity in their 3'-untranslated regions (Imakawa et al., 1987; Stewart
et al., 1987; Imakawa et al., 1989). Within the coding region, olFN-t and bIFN-
7 transcripts exhibit approximately 90% identity and their inferred amino acid
sequences share about 80% identity. The 5' (76%) and 3' (92%) untranslated
regions of olFN-t and bIFN-t mRNAs are highly conserved and olFN-t and
bIFN-t genes share considerable identity in the 5' and 3' flanking regions
(Imakawa et al., 1989).

Reciprocal interspecies embryo transfer between sheep and goats
demonstrated pregnancy recognition, but failure to maintain pregnancy beyond
the period of placentation (Helmer et al, 1987). Also, ovine trophoblastic
vesicles extend the interestrous interval when placed in the uterine lumen of
cattle (Heyman ef al., 1984). Purified recombinant o[FN-t suppresses oxytocin-
induced uterine PGF,, production and extends interestrous interval in cattle
(Meyer et al, 1995) and goats (Newton et al, 1996). Antiserum to oTP-1

immunoprecipitated all forms of bTP-1 (Helmer et al., 1987).

The bTP-1 genes differ from the bovine IFN-oy in the organization of the
promoter regions upstream from the transcription start site (Roberts et al., 1991).

The IFN-t gene promoters share high within and cross-species identity up to
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position -400 (Leaman and Roberts, 1992). A consensus IFN-t promoter contains
GAAANN sequences and putative interferon response element (IRE-1) binding
hexamers although the arrangement of these motifs differs from the viral
response elements present in other Type I IFNs. Functionally, this is supported
by the poor virus-inducibility of IFN-t genes (Leaman et al., 1992). Because IFN-
© promoter constructs are expressed in uninduced cells of trophoblast origin
(JAR and BeWo cells), but not in nontrophoblast cells, it is postulated that
trophoblast-cell-specific factors activate transcription of the IFN-t genes via
distal enhancer elements (Leaman et al., 1994). Nephew et al. (1993) provided
evidence for such an element in sequence data for four additional oIFN-t genes.
Only one of those genes (clone 010) was expressed at levels comparable to o[FN-
1 during the pregnancy recognition period (Roberté et al., 1992). Clone 010 had
an AP-1-like regulatory element (ATGGGTCAGA) starting at -929 suggesting
that factors which affect AP-1 enhancer activity, like granulocyte-macrophage
colony-stimulating factor (GM-CSF), may influence olFN-t gene expression
(Imakawa et al., 1993). GM-CSF is expressed by ovine endometrium during
early pregnancy and addition of GM-CSF to cultured ovine conceptuses
resulted in an approximate doubling of antiviral activity (oIFN-t) in the culture
medium (Imakawa et al., 1993). This suggests that uterine cytokines may
influence pregnancy recognition signals and subsequent fetal/placental
development. However, the other results show that IFN-t secretion, total
radiolabeled protein from either bovine (Day 16-18) and ovine (Day 17)
conceptuses or in vitro produced bovine blastocysts at Day 7-8 are unresponsive

to recombinant bovine GM-CSF (rbGM-CSF) (de Moraes et al., 1997).

IFN-t has multiple active sites. This special structure may be attributable

to its unique functions, such as high antiviral and antiproliferative activity
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without cytotoxicity. Four synthetic peptides corresponding to the 1-37, 62-92,
119-150, and 139-172 of oIFN-t amino acid sequence inhibited oIFN-t antiviral
activity in a dose-dependent manner. Three of them, (62-92), (119-150), and (139-
172) (Pontzer et al., 1990) inhibited IFN-o antiviral activity. The amino-terminal
peptide, (1-37), was not inhibitory (Pontzer ef al., 1994). These suggest that the
internal and carboxy-terminal reactive domains of IFN-t may interact with a
common type I IFN site on the receptor, while the amino terminus interacts
with a site that elicits activity unique to olFN-t (Li and Roberts, 1994). The
antiproliferative activity of oIFN-t was localized primarily to the broad
carboxy-terminal region, with oIFN-t (119-150) being the most effective
inhibitor of oIFN-t-induced reduction of cell proliferation. The amino-terminus
peptide (1-37) of oIFN-t also has antiluteolytic agonist activity (Pontzer et al.,
1994).

2.4.14. Time and localization of IFN-t production

bIFN-t is produced as early as Day 12 on the basis of antiviral activity in
media from cultured bovine embryos (Betteridge et al., 1988). But the major
production of bIFN-t appears to begin at Days 15-17 of gestation (Bartol et al.,
1985) and lasts at least through day 36 of pregnancy (Godkin et al., 1988). The
increase in expression of bIFN-t mRNA on Day 15-16 occurs coincident with
elongation of the blastocyst, a morphological change from a spherical to

filamentous form and maternal recognition of pregnancy (Farin et al., 1990).

The IFN-t production is related to the rate at which bovine embryos
reach the blastocyst stage and their cell number. Blastocysts derived from
embryos that had reached the four or eight-cell stage 44 h after insemination

produced significantly more IFN than embryos derived from two-cell embryos
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(Kubisch et al., 1998). bIFN-t is produced in mononucleate cells of the
trophectoderm (Lifsey et al., 1989; Morgan et al., 1993). This was further
confirmed by the observation of Farin et al. (1990) in which the bTP-1 mRNA

was localized exclusively in the trophectoderm of the bovine conceptus.
2.4.1.5. IFN-t gene expression

Multiple genes encoding for IFN-t in sheep are not equally expressed in
trophectoderm and their encoded proteins have significantly different biological
potency (Ealy et al., 1998). The control of IFN-t gene expression is very different
from that of other type I IFN genes (Leaman et al.,, 1992). Multiple regulatory
elements are required to direct trophoblast IFN gene expression in
trophectoderm. Trophoblast-specific expression depends upon distal as well as
proximal promoter regulatory elements. The proximal promoter region (to
position -126) directs basal expression, and a more distal promoter region

(positions -280 to -400) acts as an enhancer (Leaman et al., 1994).

The genes for TP-1 are inducible by virus but are expressed preferentially
in trophoblast cells and are functionally distinct from IFN-o genes. Although
conceptuses express mRNA for IFN-qa, IFN-®, and TP-1, TP-1 constitutes greater
than 99% of the IFN produced. In contrast, leukocytes produced predominantly
[FN-a, although TP-1 mRNA is inducible by Sendai virus to very low levels. A
single day 18 bovine conceptuse secretes approximately 10° units of IFN
antiviral activity per hour in culture, amounts approximately 300 times higher
than those produced by Sendai virus-induced leukocytes. Transfected bTP-1
genes are expressed in human choriocarcinoma (JAR) cells in the absence of any
specific stimulus, whereas these cells do not secrete antiviral activity

constitutively or after transfection with a bovine IFN-o gene. The transfected
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TP-1 gene is not expressed in nontrophoblast cells (mouse L929 and Chinese

hamster ovary) (Cross and Roberts, 1991).
2.4.1.6. Type I interferon receptor

High affinity, low capacity binding of oIFN-t to receptors in the
endometrium was first reported by Godkin et al. (1984a). These receptors were
assumed to mediate the complex physiological responses, including the marked
changes in protein synthesis that occurred when the endometrium was first
exposed to olFN-t during early pregnancy. These receptors have an apparent
molecular weight of 100 kDa in ovine endometrial membrane preparations
(Hansen et al., 1989). The human type I IFN receptor is a 95-100 kDa
transmembrane glycoprotein generated from a 2.7-kb mRNA encoding a 65-kDa
protein with 15 potential asparagine-linked glycosylation sites (Roberts et al.,
1992b). Stewart et al. (1987) later showed that purified olFN-t displaced 1]
hulFN-a from such receptors and thereby confirmed that the former was a type
I IFN. IFN-a, -B, -® and -t act through the Type I IFN receptor, indicating that
they share portions of the epitope involved in receptor binding. The dissociation
constant (Ky) values of these receptors to oIFN-t are in the range of 0.1 x 10 M
to 0.4 x 10™° M and these values seemed to vary slightly according to the stage
of the estrous cycle (Knickerbocker and Niswender, 1989). In addition, some
evidence has been provided for a group of lower affinity sites (Ka =10"" M)
(Hansen et al., 1989) and may correspond to those first noted by Godkin et al.
(1984a). However, since secreted olFN-t is a mixture of at least four isoforms, it
is possible that the noted complexity of binding was the result of varying
affinities of different subtypes for a single receptor, a phenomenon well known
among the IFN-a (Yonehara et al., 1983). Interactions between Type I

endometrial receptors and olFN-t appear to differ from those for rbIFN-a; or
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rhulFN-a since antiluteolytic activity is at least seven-fold greater for olFN-

1 (Plante et al., 1988; Stewart et al., 1989).

Two subunits, IFNAR1 and IFNAR2, of this receptor have been identified
so far (Cutrone and Langer, 1997; Langer et al, 1998). Although there is
extensive inferred amino acid sequence similarity between bovine and ovine
IFNARI (92% identity) and between bovine and ovine IFNAR2 (88% identity),
they have diverged extensively from the human receptor subunits
(approximately 67% and approximately 58% identity, respectively). Despite
these differences in primary structure, the respective subunits from all three
species are organized similarly in their extracellular and cytoplasmic regions,
and the bovine and ovine subunits have each retained a number of polypeptide
motifs implicated in signal transduction (Han et al, 1997). These uterine
receptors also appear not to be splice variants. The cloned ovine IFNARI
subunit, for example, possesses the expected four extracellular SD100 domains
of full-length bovine and hulFNARI1. Both subunits are expressed not only in
endometrium, but in all other tissues examined except those of preimplantation
conceptuses, which presumably cannot respond to the IFN-t they produce (Han
et al., 1997).

The sheep and human Type I receptors have the same order of binding
affinity (Kq = 10™° M), but binding capacity was considerably lower for human
(6.0 fmol mg™) than for sheep (47-123 fmol mg") endometrium (Russell et al.,
1993). Numbers of unoccupied receptors are similar for cyclic and pregnant
ewes on Days 8 and 12, but decrease thereafter for pregnant ewes. Ovine
endometrial IFN-t receptor numbers vary cyclically and are modified by the
actions of ovarian steroids (Knickerbocker and Niswender, 1989). Human

endometrial membrane preparations from proliferative-phase tissue showed
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very little specific binding in contrast to luteal-phase endometrium. Treatment
of ovariectomized ewes with E2 increased receptor number in endometrial
tissues compared with tissue from ovariectomized, P4 -treated, or (E2 + P4)-

treated groups (Russell et al., 1993).
2.4.1.7. Type I IFN receptor signal transduction system

Binding of IFN-t to endometrium does not stimulate increases in cAMP,
c¢GMP, or IP turnover (Vallet et al., 1987; Mirando et al., 1990b); however, IFN-
Tis assumed to activate a signal transduction system similar, if not identical
with that of IFN-a and other type I IFNs. Type I IFN appear to initiate their
effects through activation of latent transcription factors that then bind to IFN
response elements on selected target genes (Kerr and Stark, 1991; Williams,

1991).

The type I IFN transcription factor family includes IFN-stimulated gene
factor-3 (ISGF3), interferon regulatory factor-1 (IRF-1), IRF-2, interferon
consensus sequence binding protein (ICBSP), and lymphoid-specific IRF
(LSIRF). The ICBSP and LSIRF are unique to cells of lymphoid lineage
(Matsuyama et al., 1995). In contrast, ISGF3, IRF-1 and IRF-2 represent a
transcription factor network that regulates expression of IFN-inducible genes in
several cell types (Darnell et al., 1994). The ISGF3 transcription factor complex is
composed of four proteins which are dissociated and normally located in the
cytoplasm (Schindler et al., 1992). The binding of a type I IFN to its receptor
immediately activates latent tyrosine kinases, janus kinase-1 (Jak1) and tyrosine
kinase-2 (Tyk2), which phosphorylate tyrosine residues of substrate proteins
called STATs (signal transducers and activators of transcription), including

STAT1 (p84), STAT1a (p91), and STAT2 (p113). These three phosphoproteins
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then bind a fourth DNA-binding protein, p48, and the multimeric protein
complex is transported to the nucleus (Darnell et al., 1994). This ISGF3
transcription factor complex binds to an IFN-stimulated responsive element
(ISRE) present in the promoter/enhancer region of IFN-responsive genes and

increases rates of gene transcription (Darnell, 1996).
2.4.2. Bioactivities of IFN-t

2.4.2.1. Antiviral activity of IFN-t

Like the other known interferons, oTP-1 and bTP-1 can protect several
cell types such as, bovine kidney epithelial cells (GBK-2) (Imakawa et al., 1987);
human Asys cells (Roberts et al., 1989) known to possess type I receptors from
lysis by a range of viruses, including the commonly employed vesicular
stomatis virus (VSV) and encephalomyocarditis virus, with at least an
equivalent potency to IFN-a. The activity of the preparation purified by Roberts
et al. (1989) was greater than 10 relative units mg™. Its antiviral activity was
thus as potent as those of other known IFN-a,;s, which range from 107 to 10°
units mg” (Pestka and Langer, 1987). The IFN activity of oTP-1 could be
neutralized by antiserum raised against total human leukocyte IFN, but not by
antibodies raised against purified human IFN-o;. Similarly, the total bovine
conceptus secretion (Betteridge et al., 1988) and purified bTP-1 (Godkin et al.,
1988) have also been proved to have antiviral activity. The purified preparation

has a specific activity of about 10 units mg™.

olFN-t has antiviral activity similar to that of human IFN-o on the
Madin-Darby bovine kidney (MDBK) cell line. However, IFN-t was > 30-fold
less toxic than IFN-a; at high concentrations (Pontzer et al., 1991). Differential

recognition of the type I IEN receptor by these two type I [FNs is responsible for
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their disparate cytotoxicities (Subramaniam et al, 1995). It had been
demonstrated that IFN-o; had a higher binding affinity (Ka=4.45 x 10! M) than
IFN-t ( Ka= 3.90 x 10 M) to type I IFN receptor on MDBK cells. Consistent
with its higher binding affinity, IFN-o; was several fold more effective than
IFN-t in competitive binding against I-IFN-t to receptor on MDBK cells (Li
and Roberts, 1994). However, maximal IFN antiviral activity required only
fractional occupancy of receptors, whereas toxicity was associated with
maximal receptor occupancy. Hence, IFN-a,, with the higher binding affinity,

was more toxic than IFN-t (Subramaniam ef al., 1995).
2.4.2.2. Antiproliferative activity of IFN-t

Both bTP-1 and oTP-1 inhibit proliferation of lymphocytes after exposure
to mitogens (Roberts et al., 1989) and mixed lymphocyte cultures (Skopets et al.,
1992). The IFN-t can also markedly slow the proliferation of bovine kidney
epithelial (Roberts et al., 1989) and oviductal cells and the human amnionic line,
WISH cells and inhibit both colony size and number (Pontzer et al., '1991). oTP-1
was as effective as human and bovine IFN-as and displays potent cross-species
activity. Its activity was dose dependent, and inhibition of proliferation could be
observed at concentrations as low as 1 unit/ml. Concentrations as high as 50,000
units/ml stopped proliferation, while viability was not impaired (Pontzer et al.,
1988). Cell cycle analysis revealed an increased proportion of cells in S phase
and a corresponding decreased proportion of cells in G2/M after 48 h of oTP-1
treatment. Therefore, oTP-1 appears to inhibit progress of cells through S phase.
oTP-1 antiproliferative effects can be observed as early as 12 h after the initiation

of culture and are maintained through 6 days (Pontzer et al., 1991).
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IFNs are used in cancer therapy and have been found to be effective in
the treatment of cancer such as myelogenous (Kasimir-Bauer et al., 1998) and
hairy cell leukemias (Lichtman et al, 1998). A significant problem with the
currently used IFNs is the undesirable side effect of toxicity, such as,
pyrogenicity, vomiting, diarrhea, and malaise at high concentrations (Kasimir-
Bauer et al., 1998; Lichtman et al., 1998). However, at high concentrations, olFN-t
is far less cytotoxic than either bIFN-o or a hulFN-a preparation (Pontzer et al.,,
1991). IFN-t may be a useful therapeutic agent which can be used at higher
doses, for longer periods of time, or as an alternative of IFN-a for treatment of
viral diseases and cancers in veterinary and human medicine. Since IFN-t exerts
negative regulatory effects on ER and OTR gene transcription, it may be also a
useful therapeutic agent for treatment of E2-dependent diseases of mammary

and reproductive tissues (Bazer et al., 1997).

Unlike other bovine cells tested previously (lymphocytes and oviductal
cells), growth of bovine endometrial cells prepared from the endometrium of
cows at Days 11-17 after estrus were not consistently inhibited by IFN-t or IFN-
a. Such reduced responsiveness of endometrial cells to the antiproliferative
effects of type I interferons could allow for growth of the endometrium during
the period of pregnancy when the conceptus produces IFN-t (Davidson et al.,
1994).

2.4.2.3. Induction of endometrial proteins by IFN-t

Although an inhibitory effect on gene expression has been suggested as a
general feature of IFNs, the production of at least 11 proteins is increased by
IFN-1 in the endometrium (Godkin ef al., 1984a; Dooley et al., 1997; Hansen et al.,
1997;).
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2.4.2.3.1. 2',5'-oligoadenylate synthetase

2',5'-oligoadenylate (2-5[A]) synthetase is involved in cell division and
selective degradation of mRNA (Short and Fulton, 1987; Short et al., 1991). In
the IFN-induced antiviral state, this enzyme catalyzes the production of
oligomers of adenine which activate a latent endoribonuclease to degrade

invading viral RNA, as well as cellular RNA (Bazer et al., 1997).

The IFN-tis capable of up-regulating endometrial synthesis of 2-5[A]
synthetase (Short et al., 1991). Uterine cellular 2-5[A] synthetase changes during
the bovine estrous cycle and early pregnancy. During the estrous cycle, 2-5[A]
synthetase was greatest on Day 5 and declined approximately 10-fold by Day
15. Cellular content of 2-5[A] synthetase was similar among all three
endometrial cell types. In the gravid horn of pregnant animals, presence of a
conceptus significantly increased 2-5[A] synthetase in all endometrial cell types
compared to levels on Days 15 and 18 of the estrous cycle. On Day 18, levels of
2-5[A] synthetase were 30-fold greater in epithelium (surface and glandular)

from pregnant cows compared to that from cyclic cows (Schmitt et al., 1993).
2.4.2.3.2. Acidic secretory protein

Both bIFN-a and IFN-t, with about equal potency, markedly up-regulate
a highly acidic 70,000 Mr secretory protein in both ovine endometrial explants
(Godkin et al., 1984a) and cultured uterine epithelial cells (Vallet et al., 1987).
This same protein has been observed to be a product of endometrium in contact
with trophoblast only during the period of oIFN-t production and to be induced
when non-pregnant ewes are injected with bIFN-a (Godkin et al., 1984a; Vallet et
al., 1987).
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2.4.2.3.3. Granulocyte chemotactic protein-2

IFN-t stimulates uterine secretion of an 8-kDa bovine granulocyte
chemotactic protein-2 (bGCP-2) (Naivar et al., 1995). bGCP-2 is an alpha-
chemokine that acts primarily as a potent chemoattractant for granulocyte cells
of the immune system (Proost et al, 1993). bGCP-2 was not released by
endometrium from day 14 nonpregnant cows, but was released in response to
IFN-t (Teixeira et al., 1997). The regulation of bGCP-2 by IFN-t may have
important implications for cytokine networking in the uterus during pregnancy.
Also, the regulation of inflammation and angiogenesis by bGCP-2 working
together with other cytokines may be integral to establishing early pregnancy

and implantation in the cow (Dooley et al., 1997).
2.4.2.3.4. Ubiquitin cross-reactive protein

Bovine ubiquitin cross-reactive protein (boUCRP) is secreted by the
endometrium from days 15 to 26 of pregnancy in response to IFN-t (Hansen et
al., 1997). The transcription of the UCRP gene is transient during early
pregnancy and regulated by the conceptus and IFN-t (Austin et al., 1996). A
single UCRP transcript of approximately 700 bp can be induced in cultured
endometrial cells by rbIFN-t. The UCRP mRNA was not detected in
endometrium as well as spleen, kidney, liver, corpus luteum or muscle on days
15, 17, 18 or 19 of the cyclic cow. However, it was detectable in endometrium
from pregnant cows by day 15, reached its highest levels by day 17, remained
elevated on days 18, 19 and 21, and then declined to amounts on day 26 that
were not detectable (Hansen et al., 1997). In response to rbIFN-t, UCRP becomes

conjugated to endometrial cytosolic proteins during early pregnancy. The
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regulation of uterine proteins by UCRP may be integral to the maintenance of

early pregnancy in ruminants (Johnson et al., 1998).
2.4.2.4. Antiluteolytic effects of IFN-t

Luteolysis in large ruminant species is prevented by inhibition of the
pulsatile production or release of PGF;, by the endometrium (McCracken et al.,
1972, Hixon and Hansel, 1974). Accumulated evidence shows that the
trophoblast IFN-t is the antiluteolytic agent. Intrauterine administration of
either whole conceptus secretory proteins (CSP) or purified IFN-t reduces the
number and amplitude of luteolytic pulses of PGF2, (Danet-Desnoyers et al.,
1994). Intrauterine infusion of bovine CSP in cyclic cows between days 15 and
21 increases the interestrous interval from 23-24 days to 30-39 days and inhibits
uterine production of PGF», in response to exogenous E2 (Li and Roberts, 1994).
Intrauterine injection of rbIFN-t extended the lifespan of the corpus luteum and
interestrous interval and abolished the OT-induced increase in PGFM (Meyer et
al., 1995). Recombinant ovine IFN-t (rolFN-t) inhibited OT-stimulated PGF,
production in cultured bovine endometrial cells (Asselin et al.,, 1997). The
antiluteolytic effects of IFN-t are assumed to be limited to the uterine
endometrium because IFN-7 is not detectable in the uterine venous or lymphatic

drainage (Lamming et al., 1991).

Thatcher et al (1985) postulated that the antiluteolytic effect of the
conceptus may be mediated by the induction of an intracellular molecule in
endometrial tissue that inhibited the enzymatic conversion of arachidonic acid
to PGF2,. An endometrial PG synthesis inhibitor (EPSI) was shown to be present
in bovine endometrium and that its activity was enhanced during pregnancy

(Gross et al., 1988a; Danet-Desnoyers et al., 1993). The EPSI presumably acted on
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PGHS since both PGF,, and PGE2 were inhibited. EPSI was originally thought
to be a protein (Gross et al., 1988a), but it is now known that EPSI is linoleic acid
(Thatcher et al., 1994), a fatty acid shown previously to inhibit PGHS activity
(Elattar and Lin, 1989). Linoleic acid acts as a competitive inhibitor of PGHS
when added to the bovine microsome assay (Thatcher ef al., 1994). Endometrial
microsomes from pregnant cows had higher linoleic acid concentrations and
lower arachidonic acid concentrations than did cyclic cows (Thatcher et al.,
1995). Consequently, the ratio of linoleic acid to arachidonic acid was higher in

microsomes of pregnant cows.

2.4.2.5. Effects of IFN-t on endometrial oxytocin receptor

The endometrial OTR expression determines the time at which luteolysis
occurs in nonpregnant animals, and thereby determines the duration of the
estrous cycle (Flint et al., 1994). Inhibition of receptor expression by trophoblast
IEN blocks the process of luteal regression and leads to continued P4 secretion
and the successful growth of the conceptus. In ewes, OTR increases in the
critical day 12-14 period preceding the onset of luteolysis but are
downregulated during pregnancy (Roberts et al., 1992a; Mirando et al., 1993).
Administration of conceptus secretory proteins or rbIFN-t into the uterine
lumen reduces OTR expression (Vallet and Lamming, 1991). The action of
trophoblast IFN-t is exerted locally (Lamming et al, 1991). The OTR
concentrations are low in the pregnant horns which have high concentrations of
IFN-t; whereas the reverse is true in nonpregnant uterine horns. Since both
uterine horns are exposed to identical concentrations of circulating steroids, any
extra-uterine effects are ruled out (Lamming et al., 1995). During the luteolytic
period endometrial expression of OTR is high, exogenous oIFN-t cannot

prevent binding of OT to its receptor, inhibit OT stimulation of endometrial
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inositol phosphate metabolism, or inhibit oxytocin stimulation of endometrial
PGF secretion (Bazer, 1992). Rather, the endometrium of cyclic ewes must be
exposed to I[FN-t from Days 12 to 14 (i.e., 2-3 days before OTR is expected to
increase), to block oxytocin-induced inositol phospholipid metabolism and
PGF,, secretion (Bazer, 1992). Intrauterine injections of IFN-t on Days 11-15
prevent increases in endometrial ER and E2-dependent increases in OTR gene
expression (Mirando et al., 1993; Spencer et al., 1995c), an effect which requires
P4 (Ott et al., 1992; Spencer et al., 1996a). Thus, it appears that IFN-t cannot
modify OTR response to OT after OTR is formed but IFN-t can block expression
of OTR and luteolysis. Endometrial OTR expression was suppressed in
ovariectomized ewes that received intrauterine injections of rolFN-t from Days
11 to 15 regardless of steroid treatment (Spencer et al., 1995¢). The endometrium
of cyclic ewes must be exposed to IEN-t from days 11 or 12 to day 14, i.e., 2-3
days before OTR increase in endometrial lumenal epithelia of cyclic ewes, to
block expression of OTR and OT induction of inositol phospholipid metabolism
and luteolytic pulses of PGFa, (Zhang et al., 1991; Spencer et al., 1996b).

The inhibitory effect of IFN-t on OTR is traﬁsient. If endometrial tissue,
which is unresponsive to oxytocin challenge in vivo, is removed from day 12, 14
or 16 pregnant ewes and treated instead in vitro following removal of the
influence of the conceptus, then oxytocin can elicit a PGFz, response after only 3
h in culture (Silvia and Raw, 1993). mRNA encoding the OTR is not detectable
in the endometrium at this stage of pregnancy (Stevenson et al., 1994), which
implies that gene transcription and translation are activated immediately after

removal of IFN-t from the endometrial environment.

2.4.2.6. Effects of IFN-1 on steroid receptor expression
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E2 and P4 play major roles in expression of the OTR gene in ovine
endometrium (Matthews et al., 1991; Beard and Lamming, 1994). Therefore, it is
reasonable to anticipate that IFN-tregulates endometrial ER and PR gene

expression to control OTR formation.

Endometrial ER and PR gene expression is regulated in a tissue and cell-
type-specific manner which differs between the estrous cycle and early
pregnancy (Spencer ef al, 1996a). In pregnant ewes, endometrial PR mRNA
levels decline between Days 10 to 12 and Day 16, whereas PR protein is low and
does not change between Days 10 and 16. Endometrial ER mRNA and protein
decreases from Days 10 to 16 in pregnant ewes but increase during this period
in cyclic ewes (Spencer and Bazer, 1995). Immunoreactive ER are absent in
luminal and superficial glandular epithelium of pregnant ewes; however, ER
expression in deep glandular epithelium, stroma or myometrium is similar for
Day 15 pregnant and cyclic ewes (Spencer et al., 1995b; 1996a). Thus, products of
the conceptus may either stablize endometrial PR and/or inhibit ER expression
in the luminal epithelium and superficial glandular epithelium during
pregnancy recognition (Ott ef al., 1993). Intrauterine infusion of ovine conceptus
secretory proteins from Days 11 to 15 (Mirando et al., 1993) or of rolFN-t from
Days 11 to 14 (Spencer et al., 1995¢) in cyclic ewes prevented the increase in ER

mRNA and protein in the endometrium.

In summary, luteolysis and the prevention of luteolysis are two critical
events in cow. At the late stage of luteal phase, the minor increase in OTR
number enhances the sensitivity of uterine endometrium to OT stimulation and
results in the episodic release of PGFy,. The CL is degenerated by PGFz, pulse.
The initiation of luteolysis process is regulated by steroid hormones. In the

pregnant cow, IFN-t which is produced by conceptus attenuates PGF2, secretion
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and prevents luteal regression. However, regulation of the post-receptor
processes involved in the PGs synthesis by steroid and IFN-t remain to be
determined. Furthermore, the respective roles of different uterine endometrial

cells in the initiation and prevention of luteolysis are not well understood.

We hypothesized that, 1) steroid hormones and interferon have
differential effects on the different endometrial cell types; 2) steroid hormones,
OT and IEN-t act on the PG synthesis pathway, in particular by regulating
COX-2 and PGFS expression.

The objectives of this study were, 1) to establish an appropriate primary
endometrial cell culture system which can respond to steroid hormones,
oxytocin and IFN-t; 2) to examine the effect of steroid hormones on the
receptors for E2 and P4; 3) to study the mechanisms by which the embryo
modifies the ratio of PGF», to PGE2.

In order to achieve these goals, the following strategies were exployed; 1)
maximized the purity of isolated cells, as measured by immunocytochemical
methods, and measured the changes in proliferation, morphology and steroid
hormone receptor number of these cells in response to steroid hormone
treatment; 2) examined the effect of steroids and IFN-t on the basal secretion of
PGs, and on the expression of cyclooxygenase-2 (COX-2) and PG F synthase
(PGFS) genes in cultured bovine endometrial cells; 3) investigated the effect of

IFN-t on OTR and OT-induced PG secretion, and on COX-2 and PGFS gene

expression in bovine endometrial epithelial cells.
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3.1. Article 1. Differential effects of oestradiol and progesterone on
proliferation and morphology of cultured bovine uterine epithelial and

stromal cells
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Differential effects of oestradiol and progesterone on proliferation and
morphology of cultured bovine uterine epithelial and stromal cells

C. W. Xiao and A. K. Goff”

Centre de Recherche en Reproduction Animale, Faculté de médecine vétérinaire, Université de Montréal,
3200 Rue Sicotte, St-Hyacinthe, Quebec J25 7C6, Canada

The effect of oestrogen and progesterone on the proliferation of cultured bovine uterine
epithelial and stromal cells was assessed. Epithelial and stromal cells recovered from cows at
day 1 to day 3 of the oestrous cycle were cultured in RPMI medium supplemented with 5%
steroid-free fetal calf serum for 4 and 8 days. The addition of progesterone to the culture
medium altered the morphology of stromal cells. Oestradiol (0.1-10 nmol %) and
progesterone (50 nmol 17" ) significantly increased the total DNA (from 9.6 £0.96 to
25.6 £ 0.99 pg per well, P < 0.001) and protein content (from 76.6 £ 2.6 to 125.8 + 2.6 ug
per well, P<0.001) and decreased the ratio of protein to DNA (from 8.0 +0.24 to
4.9+ 0.24, P< 0.01) in stromal cells during the first 4 days. During the second 4 days, the
relative percentages of increase in DNA content were not affected by steroids, indicating
that the major effect of steroids on stromal cell proliferation was exerted during the first
4 days of incubation. The morphology of epithelial cells was not influenced by the addition
of steroids. DNAA content of epithelial cells was reduced by the addition of cestrogen (from
229+ 2.1 to 15.0 = 2.0 ug per well, P < 0.01), but not progesterone (from 229+ 2.1 to
25.8 £ 2.0 pg per well, P> 0.05). Total protein content of epithelial cells was reduced by
oestradiol by day 4 (from 111.0+ 6.2 to 71.0 + 6.2 pg per well, P < 0.01), but not by day
8 (from 305.0 £ 10.5 to 296.0 + 10.5 pg per well, P> 0.05). Progesterone increased the total
protein content (from 305.0+10.5 to 366.0 £ 10.5 ug per well, P<0.01). Oestradiol
significantly erthanced the ratio of protein to DNA in epithelial cells at day 8 (from
10.1£ 1.0 to 16.8 + 1.0, P<0.01). These results show that cestradiol and progesterone
have different effects on the proliferation and morphology of epithelial and stromal cells

in vitro.

Introduction

The endometrium undergoes major histological and biochemi-
cal changes during the oestrous cycle. These changes are
induced by progesterone and oestradiol and are necessary to
provide a suitable environment for embryo development in the
pregnant animal. There are marked morphological changes in
the endometrium, such as an increase in the thickness and
growth of the glands during the oestrous cycle in ruminants
(Nalbandov, 1976). Progesterone and oestradiol are also
responsible for maintaining synchrony between the embryo
and the endometrium (Wilmut et al, 1985) and play an
important role in regulating prostaglandin release at luteolysis
(McCracken et al., 1984; Lafrance and Goff, 1988). Understand-
ing the mechanisms involved in the action of progesterone and
oestradiol in these processes is difficult due to the complexity
of the interactions involved.

Recent work in sheep has shown that growth of epithelial
and stromal cells is correlated with systemic concentrations
of progesterone and oestradiol (Johnson et al, 1997). The

*Correspondence,
Received 22 May 1997,

proliferation and differentiation of uterine epithelial and
stromal cells are controlled primarily by oestradiol and proges-
terone (Conti ef al, 1981; lrwin ef al, 1991; Watson et al,,
1994), However, the growth and differentiation responses to
these hormones in the different endometrial cell types are not
yet fully understood. Furthermore, the effect of oestradiol and
progesterone on uterine endometrial proliferation observed
in vitro is inconsistent and depends on experimental conditions,
such as the presence of serum and the purity of the isolated cell
population. Oestradiol, progesterone or their combination
stimulate the growth of human endometrial cells (Pavlik and
Katzenellenbogen, 1978) and isolated stromal cells (Irwin et al.,
1991) cultured in the presence of a steroid-free calf serum. In
combination, but not separately, oestradiol and progesterone
significantly increased [*Hlthymidine incorporation by human
endometrial stromal cells in serum-free medium (Chegini ef al,,
1992). A lack of effect by oestradiol and progesterone on the
proliferation of endometrial, epithelial and stromal cells from
rodents and humans has been reported (Iguchi et al, 1983;
Tomooka and McLachlan, 1986; Irwin et al, 1989; Chegini
et al, 1992; Rossi ef al., 1992). It has been suggested that this
lack of oestradiol may be due to the absence of growth factors,
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such as insulin (Van der Burg ef al, 1988), insulin-related
polypeptides (Murphy et al, 1987) and epidermal growth
factor (Mukku and Stancel, 1985; Di Augustine ef al, 1988).
These factors are considered to be potential mediators of
oestrogen-induced proliferation. Inhibitory effects of oestrogen
on the proliferation of guinea-pig (Alkhalaf et al, 1991)
and human (Marshburn ef al, 1994) endometrial glandular
epithelium have also been reported.

We have previously shown that progesterone and oestradiol
can alter prostaglandin secretion from epithelial and stromal
cells isolated from bovine endometria (Bergeron and Goff,
1993; Asselin et al, 1996). However, little information is
available on the effect of these hormones on bovine endo-
metrial cell proliferation. Although oestradiol is uterotropic
in vivo, no effect of oestradiol has been observed on the growth
of bovine endometrial cells in vitro (Tiemann et al., 1994;
Asselin and Fortier, 1996). The objective of the study reported
here was to determine if oestradiol and progesterone are able
to alter the DNA and protein content of endometrial stromal
and epithelial cells grown in vitro.

Materials and Methods

Chemicals and reagents

Tissue culture medium (RPMI 1640), Hank’s Buffered Saline
Solution (HBSS, calcium and magnesium free), fetal calf serum
(FCS), antibiotics and Trypan blue were purchased from Gibco
(Grand Island, NY). Collagenase (Type II), trypsin (Type 1II,
from bovine pancreas), DNase I (Type ], from bovine pancreas),
gentamicin, calf thymus DNA, Hoechst No. 33258, BSA,
oestradiol, progesterone and goat anti-mouse immunoglobulin
G (IgG) conjugated to fluorescein isothiocyanate (FITC) were
purchased from Sigma Chemical Co. (St Louis, MO). Mono-
clonal antibodies to cytokeratin (No. 18) and fibronectin were
obtained from Boehringer (Mannheim). Matri-gel was obtained
from VWR Scientific (Ontario). Bio-Rad protein assay-dye
reagent concentrate was obtained from Bio-Rad Laboratories
(Mississauga, Ontario).

Preparation and culture of cells

Bovine uteri from cows at day 1 to day 3 of the oestrous
cycle were collected at an abattoir and transported on ice to the
laboratory. Days 1-3 were selected because the stage of
oestrus can be determined accurately from slaughterhouse
material owing to the presence of the corpus haemorrhagicum
in the ovary and, thus, variability among uterine samples is
reduced. The endometrial epithelial and stromal cells were
separated by a modification of the procedure described by
Fortier ef al. (1988). Briefly, the two horns of the uterus were
placed in sterile HBSS containing 10 ul antibiotics ml ~* (100
units of penicillin, 100 pg of streptomycin and 0.25 pg of
amphotericin B). The myometrial layers were dissected from
the two horns, and the remaining endometrial tissue was then
everted to expose the epithelium. The everted horns were first
digested for 2 h in HBSS with 0.3% (wlv) trypsin at room
temperature to obtain epithelial cells. At the end of incubation,
the digested horns were scraped slightly with forceps
and washed twice in HBSS. The cells from the digestion and

washings were pooled and FCS was added (10% final volume)
to block the action of trypsin. The horns were then further
digested to obtain stromal cells by incubating in HBSS with
0.064% (wlv) trypsin I, 0.064% {wlv) collagenase 1I and
0.032% (w/v) DNase [ for 45 min at 37°C. FCS was added (10%
final volume) to block the action of trypsin at the end of
incubation.

Epithelial cells. Most of the epithelial cells were in clumps
after trypsin digestion. Therefore, it was possible to separate
them from single stromal cells by low-speed centrifugation
(60 g for 5 min). The centrifugation pellet was then washed
three more times with HBSS. The epithelial cells were purified
further by suspension in 20 ml RPMI medium supplemented
with 5% FCS and 50 pg ml~? of gentamicin and plated onto
100 mm x 20 mm Petri dishes (Nunclon, Grand Istand, NY) and
incubated at 37°C with 5% CO,, 95% air for 3 h. At the end of
the incubation, any contaminating stromal cells that had
adhered to the dish and the floating epithelial cells were
collected. The cells were counted and their viability determined
by Trypan blue exclusion. At this stage > 95% of cells were
viable. The epithelial cells were then plated onto Matri-gel
coated six-well plates at a concentration of 5 % 10° cells per
well (Corning, NY). Since the epithelial cells took about 48 h to
attach to the plates, they were cultured for 4 more days in
RPMI-1640 medium containing 5% FCS that had been depleted
of steroids by dextran—charcoal extraction at 37°C in humidi-
fied air (5% CO,). The cells were then cultured for 4 or 8 days
in the presence or absence of various concentrations of
oestradiol and progesterone.

Stromal cell. The cell suspension of stromal cells was
centrifuged at 60 g for 5 min to remove cell clumps and the
supernatant was then centrifuged at 1000 g for 10 min. The
pelleted stromal cells were washed twice with HBSS and plated
onto six-well plates at a concentration of 2 x 10° cells per well
and incubated for 3 h. The floating cells were washed away by
gentle pipetting. The attached stromal cells were then cultured
in RPMI-1640 mediurm containing 5% FCS, which was depleted
of steroids by dextran—charcoal extraction, in the presence or
absence of various concentrations of oestradiol and progester-
one. At the time of plating, the viability of the stromal cells
was > 95%.

Cell proliferation experiment

All cells were cultured in phenol red-free RPMI-1640
medium containing 5% FCS (depleted of steroids by dextran—
charcoal extraction) in the presence or absence of steroids at
37°C in humidified air (5% CO,). The charcoal extraction
procedure decreased added ["Hloestradiol (25 pg ml~ %) by at
least 100-fold. The stromal and epithelial cells had reached
about 60% confluency at the beginning of culture. Cells were
cultured for 4 or 8 days in medium alone or in medium
containing ocestradiol (0.1, T or 10 nmol 171, progesterone
(50 nmol 1 ™% or oestradiol (1 nmol 17 Y plus progesterone
(50 nmol 17 Y. The medium was changed every 2 days. The
4- and 8-day culture periods presented in the results represent
the time the cells were exposed to the hormone treatment.
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Determination of DNA content

At the end of the culture period, the medium was removed
and the cells were rinsed twice with HBSS and then detached
with 1 mmol EDTA 177 in HBSS and the use of a rubber
scraper. Cells were pelleted by centrifuging at 1000 g for
5 min, and 100 pl of 0.2% (w/v) SDS in ETN buffer (10 mmol
|~ EDTA, 10 mmol 17* Tris-HCl, 100 mmol 17! NaCl,
pH 7.0) was added to the pellet. The pellet was sonified 10
times for stromal cells and 15 times for epithelial cells using a
Branson sonifier-450 (VWR Scientific, Ontario) at 10% power.
The DNA content in 10 pl sonified cell suspension was
determined using the bisbenzimide fluorescent dye method
of Labarca and Paigen (1980). Calf thymus DNA was used
as standard at concentrations of 4, 8, 16, 32, 64, 128 and
250 ng ml ™ *. In some experiments (1 = 3), the numbers of cells
were counted after detachment from the culture dish, and a
linear relationship between the number of cells and the DNA
content was observed (y = (35 + 179.80)10%, r* = 0.999, where
v is the number of cells and x is the DNA content (ug)).

Immunocytochemistry

Homogeneity of the cells was examined by indirect immuno-
fluorescent staining for specific markers of epithelial cells
(cytokeratin) and stromal cells (fibronectin). Cells were cultured
in 24-well plates, washed with PBS and fixed using 2%
formaldehyde in PBS for 15 min at room temperature. The cells
were permeabilized by treatment with 0.5% Triton-X100 over-
night, rinsed with PBS and then incubated for 1h with
either anticytokeratin or antifibronectin at a concentration of
10 ug ml ™. Negative controls were incubated with bovine
serumm. The cells were washed with PBS and incubated with the
second antibody, goat anti-mouse IgG conjugated to FITC, for
1 h at 37°C. The slides were examined with a Universel Zeiss
epifluorescence microscope.

Measurement of total protein

Total protein was measured in 10 pl of sonified cell suspen-
sion using the Bradford method (Bio-Rad Laboratories). BSA
was used as standard (0.0875 to 1.4 mg ml~%).

Statistical analyses

Each treatment was carried out in triplicate using the cells
from one uterus and each experiment was repeated with 6-10
different uteri. The effects of treatment on DNA content and
on the ratio of total protein to DNA content of uterine cells
were evaluated by least-squares analysis of variance. Treat-
ments were analysed in multifactorial design (ANOVA) which
included the main effects of experiments, cell type, duration of
culture and hormone treatments, and the appropriate inter-
actions. Simple linear contrasts were used to determine
differences between individual means. All differences were
considered significant at P < 0.05.

Results
Effect of oestradiol and progesterone on cell morphology

Clumps of epithelial cells attached to the culture surface as
small colonies within 48 h, and were polygonal or spherical in

shape. When incubation time was extended, the cells became a
monolayer and exhibited cuboidal or columnar morphology
characteristic of epithelial cells (Fig. 1a). Stromal cells presented
a monolayer of flat, spindle- and fibroblast-like cells. The
homogeneity of the cell populations was examined by
immunocytochemistry. Epithelial cell contamination of stromal
cells was about 3% and stromal cell contamination of epithelial
cells was less than 1% (Fig. 1).

The effect of oestradiol and progesterone on the mor-
phology of epithelial and stromal cells was evaluated after 4
days of culture. The general pattern of growth was observed
using an inverted phase-contrast microscope. Neither oestra-
diol nor progesterone treatment resulted in a change in the
appearance of the epithelial cells. The morphology of the
stromal cells was not altered by oestradiol at the different
concentrations used. However, progesterone (50 nmol 1~ *) and
the combination of progesterone (50 nmol 1™ ") plus oestradiol
(1 nmol 1™ ) significantly changed the morphology of stromal
cells (Fig. 2). Instead of the homogeneous distribution of cells
seen in control or oestradiol-treated groups (Fig. 2a, b), the
progesterone-treated cells migrated together to form many
star-shaped colonies (Fig. 2c). The appearance of these colonies
was more dense (Fig. 2d) in the oestradiol plus progesterone
treatment group than in the progesterone alone treatment

group.

Effect of oestradiol and progesterone on the DNA and protein content
of stromal cells

Both oestradiol and progesterone significantly stimulated
proliferation of stromal cells after incubation for 4 days
(P < 0.001) (Fig. 3a). The effect of oestradiol was dose depen-
dent with the maximum dose being between 1 and 10 nmol
17 %, Progesterone stimulated DNA content to a greater degree
than oestradiol (P < 0.001) and the effect of progesterone was
not modified by oestradiol, indicating no interaction between
these two hormones.

The total protein content of stromal cells measured after 4
days of incubation followed the same pattern as the DNA
content (Fig. 3b). The stimulating effect of oestradiol was dose
dependent and there were no differences among the treatments
of 10 nmol oestradiol 1%, 50 nmol progesterone 17" and
1 nmol oestradiol 17 * plus 50 nmol progesterone 1~ . Oestra-
diol and progesterone significantly decreased the ratio of total
protein to DNA content (P < 0.05, Fig. 3c). The ratio declined
19%, 29%, 25%, 36% and 39% for cells treated with 0.1, 1,
10 nmol oestradiol 1™ %, 50 nmol progesterone 177, and 1 nmol
oestradiol 17! plus 50 nmol progesterone 17, respectively.

The effects of hormone treatment and duration of culture on
cell growth were highly significant (P<0.0001), and there
was an interaction between treatments and duration (P < 0.01)
for DNA content, protein content, and protein to DNA ratio
(Fig. 4). In medium alone, the DNA content of stromal cells
increased 34.4% within the following 4 days (P<0.01)
(Fig. 4a). Although the absolute increases in DNA content
(value at day 8 minus value at day 4) during the second 4 days
of culture (5.4, 7.6, 6.2 pg per well, for 1 nmol oestradiol 177,
50 nmol progesterone |~ %, and 1 nmol oestradiol [™* plus
50 nmol progesterone 1 ™7, respectively) were higher than that
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Fig. 1. Immunofluorescent staining of purified bovine epithelial and stromal cells. Epithelial cells were stained with
anticytokeratin (a), but not with antifibronectin (b) or non-immune serum (c). Stromal cells were stained with antifibronectin
(d), but not with anticytokeratin (e) or non-immune serum (f). Scale bar represents 25 pm.

of the control (3.3 ug per well), the relative increase in DNA
(the increase in DNA between days 4 and 8 expressed as a
percentage of the content at day 4) of the hormone-treated
cells decreased when compared with the control (34.4%, 28.9%,
30.9% and 24.2%, for control, 1 nmol ocestradiol I ™%, 50 nmol
progesterone 1~ ', and I nmol oestradiol 17" plus 50 nmol
progesterone | ~ %, respectively). This result indicated that DNA
synthesis had slowed during the second 4 days of culture and
that oestrogen and progesterone were less effective in stimu-
lating DNA synthesis during this time. In contrast to the
change in DNA content, oestradiol and progesterone increased
both the absolute (44, 81, 88, 104 pg per well for control,
1 nmol oestradiol 1 ™%, 50 nmol progesterone |~ *, and 1 nmol
oestradiol 1™+ plus 50 nmol progesterone |71, respectively)
and the relative protein content in stromal cells (58%,
76%, 70%., and 82% for control, I nmol cestradiol I ™, 50 nmol

progesterone 17%, and Inmol oestradiol 1~ Y plus
50 nmol progesterone | ™%, respectively). At day &, the ratios of
total protein to DNA content increased significantly compared
with those at day 4 (17.5, 36.8, 31.4, and 46.9 for control,
1 nmol oestradiol 1 ™% 50 nmol progesterone | ™%, and 1 nmol
oestradiol 1 ™% plus 50 nmol progesterone 17, respectively,
Fig. 4c). Thus, the effect of hormone treatment on the protein
content of the cells was enhanced with the extended incubation
time.

Effect of oestradiol and progesterone on the DNA and protein
content of epithelial cells

Treatment with oestradiol alone inhibited the proliferation
of endometrial epithelial cells in a dose-dependent manner
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Figg. 2. Influence of oestradiol and progesterone on the morphology of bovine endometrial stromal cells, Stromal cells were

!

cultured in RPMI medium supplemented with 5% steroid-free fetal calf serum (a) alone, ar in presence of (b) 10 nmol
oestradiol 17, {c) 30 nmol progesterone | ™%, or (d) 10 nmol cestradiol 1~ * plus 50 nmol progesterone [ for 4 days. The
photographs were taken using an inverted phase contrast microscope. Scale bar represents 50 pm.

(Fig. 5a). When 0.1nmol oestradiol |7 was used, DNA
content decreased by 11.8%, but was not statistically different
from the control. However, when increased concentrations of
oestradiol (1 and 10 nmol 1™ %) were used, the inhibitory effect
of oestradiol on epithelial proliferation was significant (27.9%
and 34.5%, respectively, P < 0.0011. In contrast, progesterone
had no significant effect on the proliferation of epithelial cells,
but did block the inhibitory effect of cestradiol on epithelial
proliferation.

The changes in total protein content of endometrial
epithelial cells measured at day 4 (Fig. 5b) were similar to those
observed for the DNA content. The total protein contents for
the various concentrations of oestradiol (0.1, 1, 10 nmol {77
were 15.9%, 28.8%, and 36% lower than that of the control
{P< 0.05). Progesterone alone or progesterone plus oestradiol
had no significant effect on total protein content.

The. results of the ANOVA for DNA content, protein
content and the ratio of protein to DNA showed that the
effects of hormone treatments, duration of culture, and the
interaction between treatments and duration were significant
(P < 0.01) (Fig. 6). The DNA content did not change between
days 4 and 8 in the epithelial cells treated with oestra-
diol (1 nmel | ™) or progesterone (50 nmol 1 ™ *) plus cestradiol
{1 nmol 17Y (P> 0.05) (Fig. 62). Thus, there was no obvious
cell proliferation in the presence of I nmol oestradiol 17*
during this time. However, the DNA content increased 46.7%
in the control and 45.3% in the presence of progesterone alone
(50 nmol 17% (P<0.01). Also, after more prolonged culture

(8 days), progesterone was not able to prevent the inhibitory
éffect of oestradiol on proliferation of epitheliaf cells. Therefore,
the effect of oestradiol and progesterone on epithelial
proliferation was time dependent.

After 8 days of incubation, total protein content in epithelial
cells was increased by progesterone (50 nmol 17 !y and proges-
terone plus oestradiol (19.9%, 17.3%, respectively, over con-
trol, P<0.01) and the inhibitory effect of oestradiol (1 nmol
17 was not observed (Fig. 6b). After 4 days of incubation
there was no effect of treatment on the protein: DNA ratio
{Fig. 6c). However, after 8 days of incubation, this ratio was
increased significantly by the presence of oestradiol (I nmol
1™%, either alone, or in combination with progesterone
(Fig. 6¢). This result indicates that even though oestradiol
inhibited DNA synthesis in endometrial epithelial cells, it did
not inhibit protein synthesis, and even stimulated protein
synthesis with time.

Discussion

In the present report, a method is described for studying the
effects of progesterone and oestradiol on the proliferation and
morphology of bovine uterine endometrial epithelial and
stromal cells using an in vifre primary cell culture system. The
purification procedures used resulted in a homogeneous
stromal cell population with very little epithelial cell



52

320 C. W. Xiao amd A. K. Goff
0 7 (a) g 40 7 (a)
d =
L -
= s 30
2 o ¢ a
- ] D
& 2 b % % 20
[=)] =
= o
£ 2 s 7
Q 10 -
% Q
a 0
0 250 — (b)
3
2 200 -
150 7 (b) g
[=)]
= . 4 2 -
p &
g 100 J_‘ § 100 —
= a £
g g =
2 o
S 50
p 0
£
<] 12 4 (c)
a
9]
' B
g g =
127 (o) ot
a
c
2 a 8
g 4 S 4
< b be o
= c
- cd d
= T ==
] —
g 4 0
o C P+E1
Treatment
0 Fig. 4. Time-dependent effect of oestradiol and progesterone on (a)

c E0.1 Et E10 P P+E1

Treatment

Fig. 3. Effects of oestradiol and progesterone on (a) DNA content, b
protein content and (c) the ratio of protein to DNA in bovine
endometrial stromal cells. Primary bovine endometrial stromal cells
were cultured with RPMI medium supplemented with 5% steroid-free
fetal calf serum in the absence (C) or presence of various doses of
oestradiol (EC.1: 0.1 nmol =% EI: 1 nmol 1™% E10: 10 nmol I ™% or
progesterone (P: 50nmol 17 or oestradiol plus progesterone
(P + E1: 1 nmol oestradiol 1~ 7 plus 50 nmol progesterone [~ ") for 4
days. Data represent least-square means % sem. Bars with different
letters are significantly different (P < 0.01).

contamination. Stromal cell contamination of the epithelial cells
was approximately 3%. The effects of oestradiol on bovine
endometrial cell proliferation have been shown for the first
time using this system.

Oestradiol did not significantly change the morphology of
either cell type. However, progesterone, either alone or in

DNA content (b) protein content and (c) ratio of protein to DNA in
bovine endometrial stromal cells. Primary bovine endometrial stromal
cells were cultured with RPMI medium supplemented with 5%
steroid-free fetal calf serum in the absence (C) or presence of either
oestradiol (E1: Inmol 177, or progesterone (P: 50 nmol ™, or
oestradiol plus progesterone (P+E1: 1nmol oestradiol 7" plus
50 nmol progesterone 17%) for 4 days (C) or & days (E). Data
represent least-square means & sem.

combination with oestradiol, altered the morphology of stro-
mal, but not epithelial cells. Significant changes in the mor-
phology of cultured uterine stromal cells, induced by the
addition of ovarian steroids or progesterone, have been
observed in humans (Gurpide and Holinka, 1987; Holinka,
1988), and it has been suggested that progestins may affect
cytoskeletal proteins (Gurpide and Holinka, 1987).

Nuclear incorporation of [*H]thymidine is a conventional
and widely used measurement of DNA synthesis and
cell proliferation. However, some discrepancies between
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Fig. 5. Effects of oestradiol and progesterone on (a) DNA content and
(b} protein content in bovine endometrial epithelial cells. Primary
bovine endometrial epithelial cells were cultured with RPMI medium
supplemented with 5% steroid-free fetal calf serum in the absence or
presence of various doses of oestradiol (E0.1: 0.1 nmol 1~ %, E1: 1 nmol
1~ % E10: 10 nmol 1 ~ ) or progesterone (P: 50 nmol 1~ ) or oestradiol
plus progesterone (P + E1: 1 nmol oestradiol [~ * plus 50 nmol pro-
gesterone 17 7) for 4 days. Data represent least-square means & seMm,
Bars with different letters are significantly different (P < 0.01).

Hjthymidine incorporation and true cell proliferation
have been reported (Friedman et al, 1981; Jozan et al., 1983,
1985). Jozan et al. (1983) noted increased incorporation of
[*Hjthymidine after oestradiol treatment, but no change in the
number of cells, no increase of the size of nuclei, and no
increase in DNA content. This discrepancy was also shown
in primary cultures of rat hepatocytes that incorporated
[3Hjthymidine but did not divide (Friedman et al, 1981). The
explanation for this discrepancy is that the addition of
PH]thymidine during a short period of time could miss the S
phase of DNA synthesis. If the incubation time was extended,
there would be more time for the cell to degrade labelled
thymidine and to spread the label in its general metabolism
(Murat et al., 1990). The direct measurement of DNA content

E1 p P+E1
Treatment

Fig. 6. Time-dependent effect of oestradiol and progesterone on
(a) DNA content (b) protein content and (c) ratio of protein to DNA
in bovine endometrial epithelial cells. Primary bovine endometrial
epithelial cells were cultured with RPMI medium supplemented with
5% steroid-free fetal calf serum in the absence (C) or presence of either
oestradiol (E1: 1nmol 17%), or progesterone (P: 50 nmol 179, or
oestradiol plus progesterone (P+EI: 1nmol oestradiol ™ ! plus
50 nmol progesterone 17% for 4 days (O) or 8 days (&). Data
represent least-square means - SEM.

used in the present study is highly correlated with cell number
(** = 0.999), which is consistent with a previous report (Inaba
¢f al., 1988), and therefore, should be a better indication of cell
proliferation. However, even with the use of DNA and protein
measurement, the possibility that treatment of the cells affects
cell viability cannot be eliminated.

In vivo, oestradiol causes hypertrophy and hyperplasia of
the endometrium and progesterone is thought to act on
an oestradiol-primed uterus to stimulate growth of the
endometrium. Progesterone is known to modify the action of
oestrogen on the uterus by redirecting the proliferative
response from the epithelium to the stroma. Martin and Finn
(1969) reported that oestradiol stimulated the proliferation of
the luminal epithelial cells, but not the stromal cells in mice
uteri. However, after pretreatment with progesterone, oestra-
diol stimulated mitosis in the stroma, but not in the epithelium.
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Recent results in sheep have shown that highest rates of cell
proliferation occur at the beginning of the ocestrous cycle,
with proliferation being greater in the luminal epithelium
and glands than in the stroma (Johnson ef al, 1997). In
ovariectomized sheep, oestradiol stimulates proliferation in the
epithelium and stroma, whereas progesterone predominantly
stimulates the proliferation of epithelial cells (Johnson et al,
1994).

In the present study, the proliferation of bovine endometrial
stromal cells was stimulated by oestradiol and progesterone,
either alone or in combination. Similar effects have been
reported for oestradiol and progesterone on the proliferation of
human endometrial stromal cells (Irwin ef al, 1991; Chegini
et al, 1992). The observed stimulation by oestradiol is also
consistent with the effect of oestradiol on ovariectomized
sheep (Johnson ef al., 1997). However, progesterone had little
effect in the ovariectomized sheep in that study, whereas, in the
present study, it stimulated stromal cell proliferation in vitro.
Therefore, it is possible that the response to progesterone
in vivo is modified by the epithelial cells. The present results
differ from previously published data on the effects of steroids
on bovine endometrial cells. Tiemann et al. (1994) found that
oestradiol and progesterone were ineffective in stimulating
[’Hthymidine incorporation by epithelial and stromal cells in
a serum-free medium. Asselin and Fortier (1996) recently
reported that oestradiol had no effect on cell proliferation,
while progesterone inhibited [*H]thymidine incorporation in
cultured bovine epithelial and stromal cells. There are three
possible explanations for these differences: (1) as explained
above, thymidine incorporation may give different results to
DNA or protein measurement. (2} In the study of Tiemann
et al. (1994), cells were isolated from the uterus at the mid-luteal
phase, whereas in the present study, cells were isolated early in
the cycle. Thus, the stage of the cycle at which the samples
were taken could affect the response in vitro. There is evidence
to support this suggestion. In sheep, proliferation of both the
epithelial and stromal cells is greatest at the beginning of the
cycle (Johnson ef al,, 1997). Oestradiol stimulates the prolifer-
ation of stromal cells in immature rodents (Eide, 1975; Kirkland
et al, 1979; Pollard, 1990), but not in adult rats and mice
(Quarmby and Korach, 1984; Pollard, 1990). Fleming and
Gurpide (1982) also demonstrated that human endometrial
stromal cells, obtained at different phases of the oestrous
cycle, grow differently in culture. There is clear evidence of
cyclical changes in the expression of steroid receptors in
endometrial tissue (Bergqvist, 1991; Prentice ef al,, 1992). Thus,
the time that tissue samples are taken might result in differ-
ences in the expression of steroid and epidermal growth factor
receptors (Mellor and Thomas, 1994) and alter the response
in vitro. (3) Serum or growth factors may be necessary for
oestradiol to exert its effect. The ineffectiveness of oestradiol
on the proliferation of stromal cells (Fleming and Gurpide,
1982; Mellor and Thomas, 1994; Tiemann et al, 1994; Asselin
and Fortier, 1996) could be due to a lack of unknown serum
factors or growth factors required for cultured cells to respond
to oestrogen stimulation (Kano-Sueoka ef al,, 1979; Page ¢t al.,
1983; Irwin ef al., 1991; Tiemann et al,, 1994). The medium used
in this study was supplemented with 5% FCS to provide the
required serum factors or growth factors. The choice of
5% FCS was based on the consideration that higher concen-

trations of serum may mask any effects of treatment since cell
proliferation increases as serum concentration in the medium
increases.

Oestradiol and progesterone increased the total protein
content of stromal cells. However, the ratios of protein to
DNA were significantly decreased by treatment with oestradiol
and progesterone for 4 days. It is possible that the cells
became multi-nucleated (this was not examined). These results
do agree with a previous study in rats (McCormack, 1980),
which demonstrated that the ratios of protein to DNA in
stromal cells remained unchanged for 12 h after an injection
of oestradiol, and then decreased significantly by 24 h. In
addition, in sheep, the ratio of protein to DNA decreases at
mid-cycle suggesting an in vivo effect of steroid hormones
(Johnson et al., 1997).

Qestradiol alone inhibited proliferation in epithelial cells in a
dose-dependent manner, and the addition of progesterone
prevented this inhibitory effect of cestradiol. In mouse epi-
thelial cells (Huet-Hudson ef al., 1989), c-myc induction and
enhanced proliferation are oestradiol-dependent and in
sheep, oestradiol stimulates the proliferation of the luminal
epithelium (Johnson ef al, 1994). However, Marshburn
et al. (1994) showed that DNA synthesis in cultured human
endometrial epithelial glands was decreased by 40% after
treatment with oestradiol (1x 10" %mol |7 for 5 days. A
similar inhibitory effect of oestradiol on DNA synthesis was
also observed by Alkhalaf et @l (1991) in the endometrial
epithelial cells of guinea-pigs. The inhibitory effect of
oestradiol on epithelial cell proliferation may be due to the
lack of stromal-epithelial interaction. Stroma can mediate
the hormonal responsiveness of epithelial cells in humans
(Brenner et al, 1990) and mice (Inaba et al, 1988; Haslam and
Counterman, 1991) and a paracrine interaction between stromal
and epithelial cells may be required before an increase in
proliferation in response to oestradiol will occur (Cunha
et al., 1983).

The ratios of protein to DNA of epithelial cells remained
unchanged for 4 days after treatment with oestradiol and
progesterone. However, oestradiol significantly increased the
ratios in epithelial cells after 8 days of treatment to much
higher values than in stromal cells. Smith et al. (1970) demon-
strated that oestradiol enhances protein synthesis in the
epithelial cells of adult mice, and that protein synthesis was
higher in epithelial cells than in stromal cells. However,
McCormack and Glasser (1980) showed that oestradiol admin-
istration did not significantly change the ratios of protein to
DNA in rat epithelial cells.

In conclusion, progesterone altered the morphology of
stromal cells, but not of epithelial cells. The present study
demonstrates for the first time that both oestradiol and
progesterone can enhance the proliferation of bovine
stromal cells. Qestradiol inhibited the growth of epithelial
cells in a dose-dependent manner, while progesterone
appeared to have no effect on the proliferation of epithelial
cells. Oestradiol and progesterone decreased the ratios of
protein to DNA in stromal cells, whereas oestradiol enhanced
the ratios in epithelial cells. Stromal cells were more responsive
to steroids than epithelial cells. It is possible that an interaction
between stromal and epithelial cells is necessary for the normal
response of epithelial cells in vivo.
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Summary

Changes in progesterone (P4) and/or oestradiol-178 (E2) receptor numbers in
the endometrium are thought to play a role in inducing luteolysis. To help
understand the mechanisms involved, the effect of E2 and P4 on the regulation
of their receptors in cultured bovine uterine epithelial and stromal cells was
examined. Cells were obtained from cows at day 1 to 3 of the oestrous cycle and
were cultured for 4 or 8 days in medium alone (RPMI medium + 5% charcoal-
dextran stripped new-born calf serum) or with E2, P4 or E2+P4. At the end of
culture, receptor binding was measured by saturation analysis. Specific binding
of both [PH] ORG 2058 and [’H] oestradiol to epithelial and stromal cells
exhibited high affinities (Kq= 1.1 x 10° M, K4 = 6 x 10" M respectively, for P4
receptor (PR); Kg= 5.5 x 10° M, Ky = 7 x 10 M respectively, for E2 receptor
(ER)). In the stromal cells, E2 (0.1-10 nM) increased E2 receptor number (from
0.21 + 0.06 to 0.70 + 0.058 fmol/ ug DNA) and PR numbers (from 1.4 + 0.83 to
6.6 + 0.70 fmol/pg DNA) after 4 days’ culture (p<0.01) in a dose-dependent
manner. After culture for 8 days, the stimulatory effect of E2 increased. P4 (50
nM) alone had no effect on either ER or PR numbers (p>0.05), however, it did
inhibit the stimulatory effect of E2. In epithelial cells, the lower doses of E2 used
(0.1, 1 nM) stimulated the PR number (p=0.05) after 4 days’ culture, whereas,
the highest dose of E2 used (10 nM), P4 (50 nM) alone and P4 (50 nM) plus E2 (1
nM) had no effect. After culture for 8 days, the stimulatory effect of E2
diminished. In contrast to the PR, ER numbers increased with the increase of E2
concentrations (p<0.01). These data show that PR numbers were higher in the
stromal than in epithelial cells, whereas ER numbers were higher in epithelial

cells than in stromal cells. E2 upregulates its own receptor and increases PR in



60

both cell types in vitro, P4 alone had little effect but inhibited the effects of E2 on
PR.

Introduction

The bovine endometrium is a highly sensitive target organ for ovarian
steroid hormones (Boos ef al, 1996). In ruminants, the uterine epithelium,
stroma and myometrium all contain receptors for progesterone (PR) and
oestrogen (ER) (Wathes and Hamon, 1993; Boos et al., 1996). The endometrial
receptor number determines the sensitivity of uterus to steroid stimulation and
are themselves regulated by steroid hormones. It was shown that concentrations
of ER and PR change throughout the oestrous cycle in response to changes in
circulating steroid hormone concentrations (Boos et al., 1996). The highest ER
and PR concentrations were observed at postpartum anoestrus, oestrous and
during the follicular phase of the oestrous cycle, when plasma progesterone
concentrations were low (Vesanen et al., 1988; Vesanan et al., 1991). During the
luteal phase of the oestrous cycle, when progesterone production by the corpus
luteum increases, ER and PR concentrations decline in the endometrium
(Findlay et al., 1982; Zelinski et al., 1982; Vesanen et al., 1988; Vesanan et al., 1991;
Salamonsen et al., 1992; Boos et al., 1996). It is generally accepted that
progesterone and oestradiol exert opposing effects on steroid receptors in the
uterus. Oestradiol increases ER and PR concentrations and progesterone
decreases both ER and PR (Katzenellenbogen, 1980; Leavitt et al., 1983; Clark et
al., 1985).

Timing and initiation of luteolysis are critical for the normal oestrous
cycle in ruminant animals (Lamming and Mann, 1995). Changes in PR and/or

ER number are thought to play a role in luteolysis in sheep and cattle
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(McCracken et al., 1984; Spencer et al., 1995; Wathes and Lamming, 1995). The
number of uterine ER and PR may influence uterine prostaglandin F2a (PGF2a)
secretion, and thus the lifespan of the corpus luteum during the oestrous cycle
(Zollers et al., 1993), and early pregnancy (Spencer and Bazer, 1995). The length
of the luteal phase is controlled by the time of initiation and length of exposure
to progesterone. Early administration of progesterone shortens the
interoestrous interval in the ewe and cow, and removal of progesterone
stimulation using a PR antagonist delays luteolysis in sheep (Woody and
Ginther, 1968; Ginther, 1970; Ottobre et al., 1980; Garrett et al., 1988). Due to the
inhibitory effect of progesterone on PR and ER, extended exposure of the uterus
to progesterone will down-regulate PR and then desensitize the uterus to
progesterone. As the effect of progesterone declines, ER numbers increase in the
presence of oestrogen and thus increase the sensitivity of uterus to oestrogen. It
was also shown that oxytocin receptor (OTR) number in the endometrium is
regulated by progesterone and oestrogen; progesterone inhibits OTR and
oestrogen enhances OTR (Hixon and Flint, 1987; Spencer et al., 1995; Spencer et
al., 1996). Therefore, down-regulation of PR increased OTR and sensitivity of
endometrium to oxytocin stimulation which induced luteolytic pusatile release
of PGF2a (McCracken et al., 1984).

The various cell types present in the bovine endometrium exhibit
significantly different patterns of oestrogen and progesterone receptor
immunoreactivities during the oestrous cycle (Boos et al., 1996). In sheep, ER
distribution varies according to the cell type, tissue compartment (caruncular or
intercaruncular endometrium) and location of the particular cell type within
that compartment (Salamonéen et al., 1992; Spencer et al., 1996). This suggests
that different cell types within the uterus respond in different manners to

identical hormonal stimuli (Boos et al., 1996).
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Modulation of progesterone and oestrogen receptors by steroid
hormones in different endometrial cell populations is not completely
understood owing to the complexity of the interactions involved. In this study,
we used endometrial stromal and epithelial cells in primary culture to

investigate hormonal regulation of ER and PR in the bovine uterus.

Materials and Methods
Chemicals and reagents

Tissue culture medium (RPMI 1640), Hank's Buffered Saline Solution
(HBSS, calcium and magnesium free), new-born calf serum (NBCS), antibiotics
and trypan blue were purchased from GIBCO (Grand Island, NY, USA).
Collagenase (Type II), trypsin (Type III, from bovine pancreas), DNase I (Type [,
from bovine pancreas), Gentamicin, calf thymus DNA, Hoechst NO. 33258,
bovine serum albumin (BSA), 17B-oestradiol and progesterone were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Stock solutions of oestradiol
and progesterone were prepared by dissolving the steroids in ethanol. Matri-gel
was obtained from VWR Canlab (Ontario, Canada). Bio-Rad protein assay-dye
reagent concentrate was obtained from Bio-Rad Laboratories (CA, USA).

(2, 4, 6, 7-H) oestradiol (83.0 Ci/mmol), *H) ORG 2058 (16a-Ethyl-21-
hydroxy-19-nor (6,7-°H) pregn-4-ene-3,20-dione; 49.0 Ci/mmol), and unlabeled
ORG were purchased from Amersham Life Science (Oakville, Ontario, Canada).
Diethylstilbesterol was obtained from ICN Biochemicals Inc. (Aurora, Ohio,
USA).

Preparation and culture of cells
Uteri from cows at days 1 to 3 of the oestrous cycle (ovaries with a corpus

haemorrhagicum) were collected at the slaughterhouse and transported on ice
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to the laboratory. Uteri collected at days 1-3 of the cycle were used in these
experiments for two reasons. First, because of the presence of a corpus
haemorrhagicum the stage of the cycle could be estimated accurately and thus
variability reduce between experiments. Second, the tissue was taken before it
was exposed to elevated levels of P4 and should be useful to examine the long
term effects of P4 in vitro. Endometrial epithelial and stromal cells were
separated by a modification of the procedure described by Fortier et al. (1988).
Briefly, the two uterine horns were placed in sterile HBSS containing 100 units
penicillin, 100 pg streptomycin and 0.25 pg amphotericin ml™. The myometrial
layers were dissected, and each uterine horns was then everted to expose the
epithelium. The everted horns were first digested for 2 hr in HBSS with 0.3%
(w/v) trypsin at room temperature to obtain epithelial cells. At the end of
incubation, the digested horns were scraped lightly with forceps, washed twice
in HBSS and then further digested to obtain stromal cells by incubating in HBSS
with 0.064% (w/v) trypsin III, 0.064% (w/v) collagenase II and 0.032% (w/v)
DNase I for 45 min at 37°C. Immediately after each cell suspension was
collected, 10% NBCS was added to inhibit the trypsin. For epithelial cells, the
cell suspension was centrifuged at 60 g for 5 min and then the pellet was
washed 3 times with HBSS. For further purification, the epithelial cell pellet was
suspended in 20 ml RPMI medium supplemented with 5% NBCS and 50 pg ml™
of gentamicin, plated onto 100 x 20 mm Nunclon petri dishes (Grand Island,
NY, USA) and then incubated at 37°C with 5% CO2, 95% air for 3 hr. At the end
of incubation, contaminating stromal cells adhered to the dish and the floating
epithelial cells were collected. After cell counting and viability determination by
trypan-blue exclusion, 2.5 x 10° cells per dish were plated onto matri-gel coated

100 X 20 mm dishes. Since the epithelial cells took about 48 hr to attach to the
plates they were cultured 4 more days at 37°C in humidified air (5% COp) in



64

RPMI-1640 medium containing 5% NBCS that was depleted of steroids by
dextran-charcoal extraction. The cells were then cultured for 4 or 8 days in
presence or absence of various concentrations of oestrogen and progesterone.
Medium was changed every two days.

For stromal cells, the cell suspension was centrifuged at 60 g for 5 min to
remove clumps of cells and then the supernatant was centrifuged at 1000 g for
10 min. The pelleted cells were washed twice with HBSS. The stromal cell
suspension was plated onto dishes at a concentration of 1 x 107 cells per dish
and after a 3 hr incubation, the floating cells were washed away by gentle
pipeting. The attached stromal cells were then cultured in RPMI-1640 medium
containing 5% NBCS, which was depleted of steroids by dextran-charcoal
extraction, in presence or absence of various concentrations of oestrogen and
progesterone at 37°C in humidified air (5% CO2) for 4 or 8 days. Medium was
changed every two days.

The homogeneity of the cell populations was examined by
immunocytochemistry. Epithelial cell contamination of stromal cells was about
3% and stromal cell contamination of epithelial cells was less than 1% (Xiao and
Goff, 1998). The cells were approximately 40% confluent at the time of treatment

and were 70-80% and 100% confluent on days 4 and 8, respectively..

Progesterone and oestrogen receptor assays

After treated with different hormonal regimens for 4 or 8 days, uterine
cells were rinsed with HBSS and detached from the dish with HBSS containing
1 mM EDTA and gentle scraping with a rubber scraper. The cells were pelleted
at 500 g for 5 min and resuspended in 250 pl of HED buffer (20 mM Hepes, 1.5
mM EDTA, 0.25 mM dithiothreitol, pH 7.4). Five pl of cell suspension was taken

for DNA measurement. The rest of the cell suspension was sonicated and
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pelleted at 15,000 g for 10 min. The supernatant was collected and the pellet
treated twice with 150 pl extraction buffer (0.6 M KCl in HED) on ice for 20 min.
This treatment extracted any remaining nuclear materials. At the end of the
extraction, the cell debris was separated by centrifugation at 15,000 g for 10 min.
The supernatant was combined with the initial supernatant collected after
sonication and was used for oestrogen and progesterone receptor
measurements. The protein concentration was determined by the method of
Bradford (1976) (Bio-Rad Laboratories, CA, USA). DNA content was measured
by the bisbenzimide fluorescent dye method of Labarca and Paigen (1980). Calf
thymus DNA was used as standard at concentrations of 4, 8, 16, 32, 64, 128, 250
ng ml™”,

Saturation analysis of oestradiol and progesterone receptors in primary
cultures of uterine endometrial cells was performed in the presence of 1 nM
oestradiol for 4 days. The supernatants were incubated with 0.5-20 nM [’H]
ORG 2058 or 05-10 nM [’H] oestradiol for PR and ER measurement,
respectively. The binding affinities of [’H] ORG 2058 and [*H] oestradiol for cell
supernatants were determined using the least squares curve fitting program
LIGAND (Munson and Rodbard, 1980). ORG 2058 was used for measurement
of PR because of its low nonspecific binding and, unlike P4, it does not bind to
the corticosteroid receptor. The data are presented as saturation and Scatchard
curves (Scatchard, 1949).

To determine the effect of steroid treatment on PR number, supernatants
(0.8-1.0 mg mI™ of total protein) were incubated with 10 nM [°H] ORG 2058 in
HED buffer and with or without a 200-fold excess of unlabelled ORG 2058 at
4°C for 2.5-4 hr to measure total and nonspecific binding, respectively. For the
ER number assay, cell supernatants were incubated with 5 nM [3H] oestradiol

in HED buffer with or without a 200-fold excess of unlabelled diethylstilbestrol
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at 4°C for 16 hr, and then incubated at 30°C for 3 hr. After incubation, bound
and free steroid were separated by adsorption with dextran-coated charcoal
(DCC; 0.5% charcoal, 0.05% dextran in HED buffer) for 15 min at 4°C as
described by Leake and Habib (1987). Specific binding (total minus nonspecific

binding) values are expressed as femtomole per pg DNA.

Statistical analysis

Each treatment was carried out in triplicate using the cells from one
uterus and each experiment was repeated with 6 different uteri. The data were
log transformed where necessary to eliminate heterogeneity of variance. For
each cell type, regression analysis was used to describe the effect of dose of
oestradiol on receptor number, and a 2 x 2 x 2 factorial design (ANOVA) was
used to analyze the effects of oestradiol, progesterone and duration of culture.
The ANOVA included the main effects of duration of culture, progesterone
treatment, oestradiol treatment and all interactions. Since uterus was nested
within an experiment it was included as a random variable in the F-test for the
effect of experiment. Simple effect comparisons to determine differences
between individual means were performed using preplanned orthogonal
contrasts. A probability of p<0.05 was considered to be statistically significant.
The data were analyzed using the computer program JMP (SAS Institute Inc.,
NC, USA).

Results
Characterization of oestradiol and progesterone receptor binding in

endometrial cells
Results show that specific binding of [PH] ORG 2058 and [’H] oestradiol

by epithelial and stromal cells from bovine uterine endometrium collected at
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days 1-3 of the oestrous cycle was saturable and exhibited high affinities (Figs.
1-2). The PR were saturated at 5 nM and 10 nM for epithelial and stromal cells,
respectively ( Fig. 1A, 1C). The disassociation constants (K4) are 1.1 nM for
epithelial cells (Fig. 1B) and 0.6 nM for stromal cells (Fig. 1D). The ER were
saturated at 5 nM for both epithelial and stromal cells (Fig. 2A, 2C). The
disassociation constants (Ky) are 5.5 nM for epithelial cells (Fig. 2B) and 0.7 nM

for stromal cells (Fig. 2D).

Effect of oestradiol and progesterone on PR number in stromal cells
Qestradiol stimulated PR number in stromal cells after 4 days'
incubation in a linear dose-dependent manner (p<0.05, Rsquare=0.12), with the
maximum effect at 10 nM (Fig. 3A). Fig. 3B shows the time-dependent effect of
oestrogen and progesterone on the PR number in stromal cells. Results of
ANOVA showed effects of oestradiol (1InM) and duration of culture on PR
numbers in stromal cells (p<0.01). There was a duration x oestradiol interaction
(p<0.05) showing that the response to oestradiol increased with time, and a
progesterone x oestradiol interaction (p<0.001) showing that progesterone alone

had no effect but inhibited the oestradiol stimulation of the PR.

Effect of oestradiol and progesterone on PR number in epithelial cells
Qestradiol stimulated PR number in epithelial cells after 4 days (Fig.
4A). Regression analysis revealed that the best fit regression line was cubic
(p<0.05, RSquare = 0.3). The lowest concentration of oestradiol used (0.1 nM)
was the most effective (167% higher than control). Progesterone alone had no
effect on PR number in cultured epithelial cells (Fig. 4B). ANOVA showed an
effect of oestradiol (p=0.05) and an oestradiol x progesterone interaction

(P<0.05). Progesterone blocked the oestradiol induced increase in PR number at
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4 days of culture, and there was no effect of either progesterone or oestradiol

after 8 days of culture.

Effect of oestradiol and progesterone on ER number in stromal cells
QOestradiol stimulated ER number in stromal cells after 4 days (p<0.01)
(Fig. 5A). The effect of oestradiol was dose-dependent, an regression analysis
showed that the best fit regression line was quadratic (p<0.001, Rsquare=0.22).
The maximum response was seen at 1 nM after which the response declined.
Fig. 5B shows the time-dependent effect of oestradiol and progesterone on ER
number in stromal cells. Progesterone alone had no effect on ER number. Effects
of oestradiol treatment and duration of culture were detected (p<0.001), and
there was a significant progesterone x oestradiol interaction (p<0.05) and a
duration x progesterone x oestradiol interaction was suggested (p=0.08). ER
number increased markedly in the stromal cells between days 4 and 8 of culture
(p<0.001). Progesterone had an inhibitory effect on the stimulation of ER

number by oestradiol after 4 days (p<0.05), but not 8 days, of culture.

Effect of oestradiol and progesterone on ER number in epithelial cells
Oestradiol stimulated ER number in epithelial cells in a dose-dependent
manner after 4 days (Fig. 6A). Regression analysis showed that the best fit
regression line was linear (p<0.005, Rsquare=0.51). The low concentration of
oestradiol (0.1 nM) had no effect on ER number in epithelial cells (p>0.05). ER
numbers in epithelial cells did not respond to progesterone (50nM) (Fig. 6B) and
there was no change in the response to oestradiol between 4 and 8 days of

culture.

Discussion
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The mechanisms involved in the timing of luteolysis in cattle are not
completely understood. Changes in steroid receptors are considered to play an
important role in this process (Meyer et al., 1988, Zollers et al., 1993). To
investigate the mechanisms involved in luteolysis at the cellular level, it is
necessary to have a culture system in which the cells respond in a fashion
similar to that observed in vivo (Katzenellenbogen, 1980; Leavitt et al., 1983;
Clark et al., 1985) . In this study, we used a primary cell culture system to
investigate effects of steroid hormones on oestrogen and progesterone receptor
concentrations in epithelial and stromal cells of the bovine endometrium.

Low-speed cell supernatants were used for receptor measurements in
this study instead of ultra-speed supernatants because, in preliminary
experiments no differences were observed in the receptor contents of the
supernatants separated by ultra-speed or low-speed centrifugations. This was
also demonstrated by Leake and Habib (Leake and Habib, 1987). Our results
show that both progesterone and oestrogen receptors in cultured bovine
endometrial cells are of high affinity (K4 = 1.1 nM and 0.6 nM respectively for
PR of epithelial and stromal cells; K4 = 5.5 nM and 0.7 nM respectively for ER of
epithelial and stromal cells). These are in the same range as the affinities of the
ER and PR in endometrial tissue reported by others. The K4 of ER in bovine
endometrial tissue at different stages of oestrous cycle range from 0.26 to 2.5 nM
and that of PR from 0.14 to 0.17 nM (Vesanen et al., 1988). In another study, the
K4 of endometrial cytosolic PR in cattle was 2.6 nM (Meyer et al.,, 1988). In
cultured uterine epithelial cells of immature rats, the K4s of cytosolic and
nuclear ER were 0.56 and 0.27 nM respectively; and those of stromal cells were
0.42 and 0.32 nM for cytosolic and nuclear ER, respectively (McCormack and

Glasser, 1980). Thus, in our primary culture system ER and PR are detectable
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and their affinities approximate the values reported previously in endometrial
tissues.

Presently there are two known forms of the PR and ER. The PR forms A
and B are present in human endometrium (Tseng and Zhu, 1997). The ER exists
in the classical o form and the newly discovered p form (Kuiper et al., 1996). The
ERp is present in the bovine endometrium (Rosenfeld et al., 1998) and might be
involved in uterine function. Both forms of the ER and PR are therefore likely to
be present in the cell preparations used in the present study, however, no
attempt has been made to distinguish which of the receptor forms change in
response to the steroid treatment of the cells.

The basal level of PR was higher in stromal cells than in epithelial cells.
This agrees with what has been observed in the endometrium during the early
luteal phase of the cow (Boos et al., 1996). In contrast, the basal level of ER was
higher in epithelial cells than in stromal cells, whereas in cattle and
ovariectomized sheep (Ing and Tornesi, 1997), ER was higher in the stromal
cells. This may be related to the stage of the cycle from which the uterus came
since receptor numbers change during the oestrous cycle (Wathes and Hamon,
1993; Boos et al., 1996). Also, luminal and glandular epithelial cells were not
separated in the present study and it is possible that there are differences
between these two cell types.

Progesterone and oestradiol receptor concentrations in the endometrium
are highest at oestrous and during the follicular phase of the oestrous cycle
when endogenous oestradiol is high (Findlay et al., 1982; Zelinski et al., 1982;
Vesanen et al., 1988; Vesanan et al., 1991; Salamonsen et al., 1992; Boos et al.,
1996). This is presumably due to an up-regulation of these receptors by
oestradiol. In ovariectomized ewes, oestradiol treatment increased PR and ER

concentrations in both epithelial and stromal cells (Wathes et al., 1996; Ing and
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Tornesi, 1997). Oestradiol also induced synthesis of endometrial progesterone
receptors in vitro and in vivo in rats (Kassis et al., 1984) and sheep (Zelinski et al.,
1980). Results from the present study, that oestradiol increased PR and ER
concentrations in a dose- and time-dependent manner in both cell types, agree
with the in vivo observations. Although E2 was shown to upregulate PR in
several cell culture systems, we believe this is the first evidence of an
upregulation of the ER by E2 in vitro. Furthermore, the effect of E2 was more
pronounced in stromal cells than in epithelial cells. This is similar to data from
ovariectomized ewes, where E2 treatment causes a greater increase in ER in the
stroma than in the luminal epithelium and that the response in stromal cells
appeared earlier and was more prolonged than in the other cell types (Ing and
Tornesi, 1997). E2 stimulation of PR and ER concentrations also increased with
time in the stromal cells, whereas it diminished during extended culture in the
epithelial cells. This is consistant with the observation of Inaba et al (1988) that
PR levels in the epithelial cells decreased to low levels between 4 and 8 days of
oestradiol treatment, while those in stromal cells remained high. This could
mean that E2 stimulation of receptor number differs between the two cell types.
Opposite to the stimulatory action of oestradiol, P4 reportedly inhibits
both ER and PR (Katzenellenbogen, 1980; Leavitt et al., 1983; Clark et al., 1985;
Sumida et al., 1988). It is probably this inhibitory effect of progesterone that is
responsible for the decline in endometrial receptors by the mid-luteal phase in
cows (Meyer et al., 1988) and ewes (Miller et al., 1977). From our study, it would
appear that P4 treatment is unable to inhibit either PR or ER below the level
seen in the untreated isolated cells. It is possible that the concentration of P4
used (close to the highest concentration observed in peripheral plasma) is not
enough to exert an inhibition in vitro or that an interaction between the different

cell types is necessary for a normal response. Interestingly, differences were
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observed between ovariectomized steroid-treated ewes and normal animals
where P4 treatment did not reduce ER concentrations in ovariectomized ewes as
seen in cyclic ewes (Wathes et al., 1996). It was suggested that factors from the
ovary other than progesterone and oestradiol are involved in ER regulation.
Thus, other factors (such as growth factors and cytokins) might play a role in
receptor regulation in the isolated cells.

Although P4 alone did not inhibit receptor numbers, it did inhibit the
stimulatory effect of E2 on PR in both cell types and ER in stromal cells. This
agrees with the observations in vivo that, in ovariectomized ewes, progesterone
inhibits the increase in PR induced by E2 treatment (Stone et al., 1978; Wathes et
al., 1996). Even though the concentration of E2 used in the present study was
much higher than peripheral plasma concentrations, the effect of P4 is still
apparent and thus the ratio of P4 to E2 is probably not important. This agrees
with the previous report by Sumida and Pasqualini (Sumida and Pasqualini,
1979) in the fetal guinea pig, showing that even a large excess of oestradiol was
not able to increase the number of progesterone receptors as long as
progesterone was present. It is not clear why progesterone did not inhibit the E2
stimulation of the ER in the epithelial cells. There could be a difference in
receptor regulation in the two cell types or down regulation of the ER in the
epithelial cells might be mediated by the stromal cells as suggested by Wathes et
al (1996).

In conclusion, we report for the first time the effect of steroid hormones
on PR and ER concentrations in primary cell culture of bovine uterine
endometrial cells. Oestradiol increased the PR and ER numbers in both cell
types. Progesterone alone had no effect on ER and PR number, but inhibited
the E2-induced increase in PR in both cell types. Our results tend to support the

notion that an interaction between cell types is necessary for the normal
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function of epithelial cells. Therefore, this isolated cell model system should be
very useful to study the effect of steroid hormones and cell type interactions on

endometrial function in the cow.
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Fig. 1. Saturation analysis of specifically bound [°H] ORG 2058 to primary
cultures of bovine uterine cells. Cells were cultured in RPMI 1640 containing 5%
NBCS in the presence of 1 nM oestradiol for 4 days. The whole cell extracts were
treated with 0.5-20 x 10° M [’H] ORG 2058 with or without 200-fold molar
excess of unlabeled ORG 2058. Total binding (0), nonspecific binding (#), and
specific binding (W) by epithelial cells (A) and stromal cells (C) are presented as
saturation curves. Corresponding Scatchard plots of specific binding are

presented in B and D. B/F, Bound to free ratio.
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Fig. 2. Saturation analysis of specifically bound [’H] oestradiol to primary
cultures of bovine uterine cells. Cells were cultured in RPMI 1640 containing 5%
NBCS in the presence of 1 nM oestradiol for 4 days. The whole cell extracts were
treated with 0.5-10 x 10° M [’H] oestradiol with or without 200-fold molar
excess of unlabeled diethylstilbesterol. Total binding (0), nonspecific binding

(®), and specific binding (W) by epithelial cells (A) and stromal cells (C) are
presented as saturation curves. Corresponding Scatchard plots of specific

binding are presented in B and D. B/F, Bound to free ratio.
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Fig. 3. Time and dose-dependent effect of oestradiol and progesterone on
progesterone receptor number in bovine endometrial stromal cells. (A) Primary
stromal cells were cultured in RPMI 1640 containing 5% NBCS in the presence
or absence of various doses of oestradiol (0.1, 1, and 10 nM) for 4 days. (B)
Primary stromal cells were cultured in RPMI 1640 containing 5% NBCS in the
presence or absence of 1 nM oestradiol (E1), or 50 nM progesterone (P), or 50
nM progesterone plus 1 nM oestradiol (P+E1) for 4 days (hatched bars) or 8
days (shaded bars). Data represent least-square means + SE, the minimum

detection limit is 0.11 fmol ug DNA™.
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Fig. 4. Time and dose-dependent effect of oestradiol and progesterone on
progesterone receptor number in bovine endometrial epithelial cells. (A)
Primary epithelial cells were cultured in RPMI 1640 containing 5% NBCS in the
presence or absence of various doses of oestradiol (0.1, 1, and 10 nM) for 4 days.
(B) Primary epithelial cells were cultured in RPMI 1640 containing 5% NBCS in
the presence or absence of 1 nM oestradiol (E1), or 50 nM progesterone (P), or
50 nM progesterone plus 1 nM oestradiol (P+EL1) for 4 days (hatched bars) or 8
days (shaded bars). Data represent least-square means * SE, the minimum

detection limit is 0.11 fmol pg DNA™,
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Fig. 5. Time and dose-dependent effect of oestradiol and progesterone on
oestrogen receptor number in bovine endometrial stromal cells. (A) Primary
stromal cells were cultured in RPMI 1640 containing 5% NBCS in the presence
or absence of various doses of oestradiol (0.1, 1, and 10 nM) for 4 days. (B)
Primary stromal cells were cultured in RPMI 1640 containing 5% NBCS in the
presence or absence of 1 nM oestradiol (E1), or 50 nM progesterone (P), or 50
nM progesterone plus 1 nM oestradiol (P+E1) for 4 days (hatched bars) or 8
days (shaded bars). The receptor number is presented on a logarithmic scale in
figure B. Data represent least-square means * SE, the minimum detection limit

is 0.06 fmol pg DNA™.
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Fig. 6. Time and dose-dependent effect of oestradiol and progesterone on
oestrogen receptor number in bovine endometrial epithelial cells. (A) Primary
epithelial cells were cultured in RPMI 1640 containing 5% NBCS in the presence
or absence of various doses of oestradiol (0.1, 1, and 10 nM) for 4 days. (B)
Primary epithelial cells were cultured in RPMI 1640 containing 5% NBCS in the
presence or absence of 1 nM oestradiol (E1), or 50 nM progesterone (P), or 50
nM progesterone plus 1 nM oestradiol (P+E1) for 4 days (hatched bars) or 8
days (shaded bars). Data represent least-square means * SE, the minimum

detection limit is 0.06 fmol pg DNA™.
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3.3. Article 3. Regulation of cyclooxygenase-2 and prostaglandin F synthase
gene expression by steroid hormones and interferon-t in bovine

endometrial cells
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ABSTRACT

Estradiol (E2) and progesterone are responsible for regulating PG
synthesis in the endometrium during the estrous cycle and interfer-
on-r (IFN-7) alters PG synthesis during early pregnancy in rumi-
nants. In this study, we examined the effects of these steroid hor-
mones and recombinant bovine IFN-7(rbIFN-7) on PG production and
on cyclooxygenase-2 (COX-2) and PG F (PGF) synthase (PGFS) gene
expression in isolated endometrial cells. E2 decreased both PGF;, and
PG E, (PGE,) whereas progesterone increased PGF,,, secretion in
epithelial cells. Steroid hormones had no effect on PG production in
stromal cells. rbIFN-7 attenuated both PGF,, and PGE, production

in epithelial cells and enhanced their production, and the ratio of
PGE, to PGF,,, in stromal cells. Northern blot analysis showed that
E2 and rbIFN-r decreased COX-2 messenger RNA (mRNA) levels in
epithelial cells. Conversely, rbIFN-rincreased COX-2 mRNA in stro-
mal cells. Furthermore, rhIFN-7decreased PGFS mRNA in both cell
types and this was associated with the increase in PGE,/PGF,,, ratio.
These results show that the regulation of PG synthesis by steroid
hormones is different in endometrial epithelial and stromal cells in
vitro. The attenuation of PGF,, secretion from epithelial cells and
increased PGE, production in stromal cells by rbIFN-7are modulated
by steroid hormones. (Endocrinology 139: 2293-2299, 1998)

PG F,, (PGF,,) and PG E, (PGE,;) are major secretory

products of the uterine endometrium in ruminants (1).
PGF,,, primarily secreted from the surface epithelium of the
uterus, is the luteolytic agent in livestock (2-5). PGE, protects
the corpus luteum (CL) from spontaneous regression (6) and
may play a role in pregnancy maintenance. In ovariecto-
mized guinea-pig, rat, and sheep (1), uterine PGF,, concen-
trations are low and are restored to normal after treatment
with progesterone (P4) followed by estrogen. In cultured
bovine uterine endometrial epithelial cells, but not stromal
cells, the basal production of PGF,, and PGE, was reduced
by estradiol (E2) and increased by P4 (7). The control of PGE,
secretion might differ from that of PGF,, because PGE,
secretion from the endometrium does not show the same
cyclical changes as PGF,, (1). Ovarian steroids play an im-
portant role in the regulation of endometrial PG synthesis,
but the sites and mechanisms of action have not been de-
termined (1).

Interferon-7 (IFN-7) is produced by the trophoblast tissue,
between days 15-24 of gestation (8), and prevents luteolysis
by suppressing endometrial PGF,, secretion. Intrauterine
infusion of recombinant bovine IFN-a (rbIFN-a) prolonged
the luteal lifespan in cows (9). Administration of IFN-7 at-
tenuated the episodic release of uterine PGF,, by down-
regulation of estrogen receptor and oxytocin receptor ex-
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pression (10). In vitro, natural bovine IFN-7 significantly
diminished basal PGF,,, (but not PGE,) secretion by bovine
uterine endometrial explants (11, 12). rbIFN-7 significantly
diminished both basal PGF,, and PGE, secretion by bovine
endometrial epithelial cells (12-15). Natural ovine IFN-7 di-
minished both basal PGF,, and PGE, secretion by ovine
endometrial epithelial cells (16).

Cyclooxygenase (COX) is the key rate-limiting enzyme
responsible for the conversion of arachidonic acid to PGG,
and PGH,, the precursor for PGF,,, PGE,, and other mem-
bers of PG family (17). Two isoforms of COX (COX-1 and
COX-2) have been identified in mammalian cells. COX-1 is
a constitutively expressed enzyme; COX-2 is highly induced
by various inducers, such as phorbol esters, mitogens, cy-
tokines, and serum (18-20). PG F synthase (PGFS) was first
discovered in rabbit liver by Wong (21). The purified PGFS
from bovine lung catalyzed the reduction of PGH, to PGF,,,
PGD, to a sterecisomer of PGF,, (9a, 118-PGF,) (22). APGFS
transcript from bovine lung was about 1.4 kb (23). However,
the uterine endometrial expression and regulation of PGF5
have not been reported.

The regulation of COX-2 and PGFS expression by steroids
and IFN-7 are not well understood. Arslan and Zingg (20)
found that both IL-18 and TNFa induced PGF,,, release and
COX-2 messenger RNA (mRNA) expression in rat uterine
stromal cells in vitro. A recent study in sheep (24) showed that
COX-1 protein was expressed at steady-state levels in the
endometrium during the estrous cycle and during compa-
rable stages of pregnancy. In contrast, COX-2 protein was
highly and transiently expressed from days 12-15 of the
estrous cycle and declined, thereafter, to undetectable levels.
Endometrium from early pregnant ewes showed a similar
pattern of COX-2 expression, although there was a slower
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decrease beyond day 15. P4 induced endometrial COX-2, and
E2 slightly increased COX-2 expression, but only after P4
priming (24).

tbIFN-7has no significant effect on COX-1 mRNA expres-
sion (2.8 kb mRNA) in bovine endometrial epithelial cells (14)
and ovine endometrial COX-1 mRNA is not regulated by the
conceptus (17). However, the effects of IFN-7on the inducible
COX-2 mRNA have not been reported.

The objective of this study was to investigate the effect of
steroid hormone and IFN-7 on COX-2 and PGFS gene ex-
pression in different cell types of bovine uterine endome-
trium, It was hypothesized that steroid treatment of the cells
would modify the effect of IFN-7 on PG synthesis and on
COX-2 and PGFS expression.

Materials and Methods
Chemicals and reagents

Tissue culture medium (RPMI 1640), HBSS (calcium and magnesium
free), FCS, antibiotics, and trypan-blue were purchased from GIBCO
(Grand Island, NY). Collagenase (Type II), trypsin (Type II, from bovine
pancreas), deoxyribonuclease I (Type I, from bovine pancreas), Genta-~
micin, calf thymus DNA, Hoechst NO. 33258, 175-E2, P4, lipopolysac-
charide (LPS) (Escherichia coli serotype 055:B5) and E-TOXATE kit were
purchased from Sigma Chemical Co. (St. Louis, MO). Matrigel was
obtained from VWR Scientific (Ontario, Canada). rb[FN-7 was gener-
ously provided by Dr. R. M. Roberts (25).

Preparation and culture of cells

Bovine uteri from cows, at days 1-3 of the estrous cycle (ovaries
containing a corpus hemorrhagicum), were collected at the slaughter-
house and transported, on ice, to the laboratory. Days 1-3 were selected
because the stage of the estrous cycle can be accurately determined from
slaughterhouse material, because of the presence of the corpus hemor-
rhagicum. This should decrease variability between uteri. The endome-
trial epithelial and stromal cells were separated by a modification of the
procedure described by Fortier et al. (26). Briefly, the two horns of the
uteri were placed in sterile HBSS containing 100 U penicillin, 100 xg
streptomycin, and 0.25 pg amphotericin per milliliter. The myometrial
layers were dissected from the two horns, and the homns were then
inverted to expose the epithelium. The inverted horns were first digested
for 2 h in HBSS with 0.3% trypsin at room temperature. At the end of
incubation, the digested horns were scraped slightly with forceps and
then washed twice in HBSS and further digested in HBSS with 0.064%
trypsin 111, 0.064% collagenase II, and 0.032% deoxyribonuclease I for 45
min at 37 C, to obtain the stromal cells. Once the cell suspension was
collected, 10% FCS was added to block the action of trypsin. The cell
suspension was centrifuged at 60 X g for 5 min, The pellets were washed
three more times with HBSS. The supernatants were pooled and cen-
trifuged at 1000 X g for 10 min and washed twice with HBSS. Because
most of the epithelial cells are in the form of clumps after trypsin
digestion, it is possible to separate them from single stromal cells by
low-speed centrifugation (60 x g for 5 min). The pellet was then sus-
pended in 20 ml RPMI medium, containing 50 xg/ml gentamicin, and
plated onto 100 x 20 mm Nunclon petri dishes (GIBCO, Grand Island,
NY) and incubated at 37 C with 5% CQO,-95% air for 3 h to allow for
attachment of contaminating stromal cells. At the end of incubation, the
floating cells were collected. After cell counting and viability determi-
nation by trypan-blue exclusion, cells were plated onto matri-gel-coated
100 X 20 mm Nunclon petri dishes. The stromal cell suspension was
plated onto 100 X 20 mm Nunclon petri dishes for 3 h. The floating
contaminating epithelial cells were washed away by gentle pipetting,
and the medium was replaced. At the time of plating, the viability of both
cell types was greater than 95%.

Hormone treatment

After confluence (about 7 days), cells were incubated in RPMI me-
dium supplemented with 5% dextran-charcoal treated FCS (DC-FCS) in
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the presence or absence of E2 (10 nm), P4 (50 nm), or the combination
of E2 (10 nm) and P4 (50 nm) for 4 days. Each group of cells was then
incubated for a further 48 h with the same steroid regimen and in either
the presence or absence of rbIFN-7(10 and 100 ng/mi). At the end of the
culture, medium was collected for PG measurement, and the cells were
lysed with guanidinium isothiocyanate and stored at —70 C for RNA
isolation. Ten microliters of cell lysate were taken for DNA measure-
ment. DNA content was determined by the bisbenzimide fluorescent
dye method of Labarca and Paigen (27).

Isolation of total RNA and Northern blot analysis

Total RNA was isolated from the cultured cells by centrifugation
through a density gradient of 5.7 m cesium chloride. Forty micrograms
of total RNA was denatured at 56 C for 15 min, electrophoresed in 1.2%
agarose gel, and passively transferred to Hybond nylon membranes by
capillary blotting. The nylon membranes were UV-cross-linked for 30
sec at 150 mJ in a UV chamber (Bio-Rad GS Gene Linker; Bio-Rad Labs,
Richmond, CA) and prehybridized for 4—6 h in hzybridization buffer at
55 C. Blots were hybridized with the appropriate *P-labeled probes (1 X
108 cpm/ml) for 16 h at 55 C; washed in 2 X saline sodium citrate, 0.1%
SDS at 60 C for 15-20 min; and then, successively, in 2 X saline sodium
citrate, 0.1% SDS at 55 C for 15-20 min twice. Autoradiography was
performed with Kodak XAR-5 (Mandel Scientific Company Ltd.,
Guelph, Ontario, Canada) and double intensifying screen at —70 C for
various exposure times. For rehybridization with a different probe, blots
were boiled for 3 min in diethyl pyrocarbonate (DEPC)-treated H,O,
containing 0.1% SDS, and exposed to film overnight to check complete-
ness of probe removal. Autographic bands were scanned using Foto/
Analyst (Fotodyne Inc., New Berlin, WI), and the intensity of the au-
tographic bands were quantitated by the NIH-image program. The
amount of mRNA loaded was normalized using 285 mRNA.

Probes

Mouse cyclooxygenase-2, bovine PGFS, and human 285 complemen-
tary DNA (cDNA) inserts were used as probes to detect COX-2, PGFS,
and 285 gene expression in cultured bovine uterine endometrial cells.
The probes included a mouse COX-2 cDNA (28), previously validated
with bovine tissues (29). A bovine PGFS cDNA probe was generated by
RT-PCR. Five micrograms of RNA, extracted from granulosa cells of
bovine preovulatory follicles (29), were reversed transcribed using avian
myeloblastosis virus RT (Pharmacia Biotech, Montréal, Canada) and
oligodeoxythymidine primers. For the PCR reacticn, homologous prim-
ers were designed from the published bovine PGHS sequence lung form
(23). The sense 25-mer primer 5'-TTAATGATGGCCACTTCATIC-
CTGT-3' corresponded to region from +29 to +53 bp from the start
codon, and the antisense 25-mer primer 5-GAGTCAGTTCAAAGT-
CAAACACCTG-3' was from +841 to +865 bp of the bovine PGFS lung
form (23). The expected 837-bp PCR product was subcloned into the pCR
2.1 vector (Invitrogen, Carlsbad, CA), and its identity was confirmed by
DNA sequencing using the T7 Sequencing Kit (Pharmacia), which em-
ploys the Sanger dideoxy nucleotide chain termination method (30).

RIA of PGF,,, and PGE,

Concentrations of PGF,,, were measured in 100-xl aliquots of culture
medium after 10-fold or 100-fold dilution with assay buffer. Serial di-
lutions of medium samples (n = 3) were parallel to the standard curve.
The antibody was purchased from Cayman Chemical Co. (Ann Arbor,
MI); its cross-reactivity against PGFM, 6-keto PGFy,, PGD,, PGE,, and
AA was 0.07,6.1,0.6, 0.2, and 0.002%, respectively, at 50% displacement.
The sensitivity of the assay was 62.5 pg/ml, and the intra- and interassay
coefficients of variation were 9.2 and 12.3%, respectively.

Concentrations of PGE, were measured directly in 10- or 100-ul
aliquots of culture medium. The antiserum was purchased from Assay
Designs Inc. (Ann Arbor, MI); its cross-reactivity against PGE,, PGFa
PGF,,, and 6-keto PGF,,, was 70, 1.4, 0.7, and 0.6%, respectively. The
sensitivity of the assay was 40 pg/ml, and the intra- and interassay
coefficients of variation were 6.3 and 8.6%, respectively.
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Endotoxin assay

The Limulus amebocyte lysate assay was used to measure the en-
dotoxin concentration in all reagents used in this experiment. The pro-
tocol was provided by Sigma. The endotoxin contents of all reagents,
including rbIFN-7, are lower than the detectable level by this method
(<0.1 ng/ml).

Statistical analysis

Each treatment was carried out using the cells from one uterus, and
each experiment was repeated with four different uteri. Effects of treat-
ment on PGF,,, PGE, production, and COX-2 and PGFS expression of
uterine cells were evaluated by least-squares ANOVA. Treatments were
analyzed in multifactorial design (ANOVA), which included the main
effects of experiments, cell type, and hormone treatments. Simple con-
trasts were used to determine differences between individual means. A
probability of P < 0.05 was considered to be statistically significant.

Results
LPS stimulates PG production by endometrial cells

LPS is a strong stimulator of PGs, especially PGE,, in many
types of cells. To determine whether endometrial cells re-
spond to LPS stimulation, PGE, and PGF,,, content was mea-
sured in the culture medium after incubating epithelial and
stromal cells with various doses of LPS for 24 h. Both epi-
thelial and stromal cells responded to LPS in a dose-depen-
dent fashion (Fig. 1). In the epithelial cells, LPS had a much
greater effect on PGE, than on PGF,, production (Fig. 1a).
LPS markedly increased the ratio of PGE, to PGF,, in epi-
thelial cells. In the stromal cells, LPS had a biphasic effect on
PGPF,_, secretion (Fig. 1h). The stimulation of PGF,, and PGE,
was similar, except at the 100-ng/ml dose.

Effects of steroid hormones and IFN-1on PG production

In epithelial cells, the basal concentrations of PGF,, and
PGE, in the medium from the untreated control cells were
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Fic. 1. LPS stimulation of PG secretion by bovine endometrial cells.
Confluent primary epithelial (a) and stromal (b) cells were cultured
in RPMI 1640 containing 5% DC-FCS, in the presence or absence of
various doses of LPS (0.001-10 ug/ml), for 24 h. Culture media were
collected for PGF,, (®) and PGE, (M) measurement by RIA. Data are
normalized to the DNA contents of respective wells and presented as
fold stimulation of the medium control.
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11.6 = 1.5and 2.8 *+ 0.65 ng/ ug DNA, respectively. E2, alone
or in the presence of P4, significantly reduced PGF,, and
PGE, secretion (P < 0.01; Fig. 2, a and b). P4 alone increased
PGF,,, (P < 0.02), but not PGE,, secretion. E2, either alone or
in the presence of P4, decreased the ratio of PGE, to PGF,,
(P < 0.01; Fig. 2¢). rbIFN-7 diminished PGF,, production
(P < 0.01) at both concentrations in the control, E2, and
P4-treated groups; however, no effect of IFN was observed
when the cells were treated with E2 and P4 together. rbIFN-7
decreased PGE, secretion when the cells were not treated
with steroids. In the presence of P4, tbIFN-7increased PGE,
production; and in the presence of E2 or E2+ P4, rbIFN-7had
no effect on PGE,. IFN had no effect on the PGE/PGF ratio
when the cells were treated with E2 or P4+E2. However, in
the control and P4-treated cells, IFN significantly increased
the PGE/PGF ratio (P < 0.01).

In stromal cells, the basal concentrations of PGF,, and
PGE, in the medium from the control cells were 0.64 + 0.08

150~ @

100

PGFyy (% of control)

PGE; (% of control)

P GEzl PGFZCl ratio
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FiG. 2. Effect of steroid hormones and rbIFN-r on PG production in
epithelial cells. Confluent epithelial cells were incubated in RPMI
medium supplemented with 5% DC-FCS, in the presence or absence
of E2 (E, 10 nM), P4 (P, 50 nm), or their combination (PE), for 4 days.
The medium was replaced with fresh RPMI plus 5% steroid-free FCS,
in the presence or absence of rbIFN-7(4, 10 ng/ml; B, 100 ng/ml), E,
E + rbIFN-7, P, P + rbIFN-1, PE, or PE + rbIFN-7. The concentrations
of E2 and P4 are the same as above. Cells were incubated for another
48 h, and the culture medium was collected for PGF,, (a) and PGE,
(b) measurement by RIA. Data are normalized to the DNA contents
of the respective wells. The ratio of PGE, to PGF,,, was calculated (c).
The bars with different letters are statistically different (P < 0.05).
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and 7.6 * 1.7 ng/ug DNA, respectively. Steroid hormones
had no significant effect on either PGF,, or PGE, secretion
(Fig. 3, a and b). The higher concentration (100 ng/ml) of
rbIFN-7 increased PGF,, production in the control and E2
groups (Fig. 3a) and PGE, secretion in all the groups (Fig. 3b).
The ratio of PGE, to PGF,, was increased significantly by
rbIEN-7in all groups, except the cells treated with E2 alone
(Fig. 3c).

Effect of steroid hormones and IFN-ron COX-2 mRNA
levels

COX-2 is an inducible rate-limiting enzyme for the con-
version of arachidonic acid to PGG, and PGH,, the precursor
for PGF,, and PGE,. To determine whether the regulation of
PG production in endometrial cells by steroids and rbIFN-7
was correlated with COX-2 gene expression, COX-2 mRNA
levels were measured by Northern blot analysis. A 4.1-kb
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Fic. 3. Effect of steroid hormones and rbIFN-7on PG production in
stromal cells. Confluent stromal cells were incubated in RPMI me-
dium supplemented with 5% DC-FCS, in the presence or absence of
E2 (E, 10 nM), P4 (P, 50 nMm), or their combination (PE), for 4 days. The
medium was replaced with fresh RPMI plus 5% steroid-free FCS, in
the presence or absence of rbIFN-7 (A, 10 ng/m}; B, 100 ng/ml), E, E
+ rbIFN-7, P, P + rbIFN-1, PE, or PE + rbIFN-r. The concentrations
of E2 and P4 are the same as above. Cells were incubated for another
48 h, and the culture medium was collected for PGF,, (a) and PGE,
(b) measurement by RIA. Data are normalized to the DNA contents
of the respective well. The ratio of PGE, to PGF,,, was calculated (c).
Different superscript letters indicate significant differences (P < 0.05).
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transcript was detected by the mouse COX-2 cDNA probe in
both cell types (Fig. 4, a and c). In epithelial cells (Fig. 4b), E2,
alone and in combination with P4, decreased COX-2 mRNA
(P < 0.01), whereas P4 alone had no effect. [FN-7attenuated
COX-2 mRNA in a dose-dependent manner in the control
and P4-treated cells (P < 0.01). However, in the presence of
E2, IFN-7 had no effect on COX-2 expression.

In stromal cells (Fig. 4d), steroid hormones had no signif-
icant effect on the amount of COX-2 mRNA. IFN- signifi-
cantly increased COX-2 mRNA in a dose-dependent manner
in all groups (P < 0.01); however, the addition of E2 mark-
edly decreased the induction of COX-2 gene expression by P4
(P < 0.01).

Effect of steroid hormones and IFN-7on PGFS mRNA
levels

PG F synthase (PGFS) is responsible for the reduction of
PGH, to PGF,,, and PGD, to 9, 113-PGF, (a stereoisomer of
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Fic. 4. Northern blot analysis of COX-2 mRNA in endometrial cells.
RNA was isolated from epithelial cells (a) and stromal cells (c) after
hormone and rbIFN-7 treatment, as described in Fig. 3. A represen-
tative sample is shown, when 40 ug total RNA per lane was loaded
and blots were hybridized with *P-labeled mouse COX-2 cDNA probe.
The stripped blots were rehybridized with human 28S ¢cDNA probe as
a loading control. Autographic bands were scanned by a densitometer
and normalized to their 288 values for epithelial (b) and stromal (d)
cells, Different superscript letters indicate significant differences (P <
0.05).
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PGF,,). To determine whether the attenuation of PGF,,, se-
cretion in epithelial cells, and the increase in ratio of PGE, to
PGF,, in stromal cells, induced by rbIFN-ris correlated with
PGFS expression in these cells, the changes in PGFS mRNA
levels induced by steroids and rbIFN-7 was determined by
Northern blot analysis. A 1.4-kb transcript was detected by
a bovine PGFS probe (Fig. 5, a and c). In epithelial cells (Fig.
5b), steroid hormones alone had no significant effect on PGFS
expression. However, rbIFN-7 decreased PGFS mRNA in a
dose-dependent manner in all steroid treatment groups (P <
0.01).

In stromal cells (Fig. 5d), neither E2 nor P4 had any effect
on PGFS mRNA levels; however, the presence of both E2 and
P4 seemed to up-regulate PGFS mRNA, compared with the
addition of P4 alone (P < 0.05). rbIFN-7, alone or in presence
of steroid hormones, decreased PGFS expression (P < 0.01).
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Fic. 5. Northern blot analysis of PGFS in endometrial cells. The
same blots used in Fig. 4 for COX-2 hybridization of epithelial (a) and
stromal (c) cells were stripped and hybridized with ¥P-labeled PGFS
probe, The densitometric values of PGFS for epithelial (b) and stromal
(d) cells were normalized to their 28S values. The columns represent
the mean = SEM of four replicates. Different superscript letters indi-
cate significant differences (P < 0.05).
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Discussion

PGF,,, is the luteolysin, secreted from the endometrium,
that is responsible for the regression of the CL at the end of
the estrous cycle in ruminants. IFN is the embryonic factor
responsible for preventing the secretion of PGF,, and, pos-
sibly, increasing the secretion of PGE,, a luteotrophic factor.
Although it is known that both P4 and E2 are essential for the
induction of luteolysis, and that one action of IFN is to
suppress the action of E2 by down-regulating its receptor
(10), the exact mechanism of action of these hormones is still
not completely understood.

The present study is the first to simultaneously examine
the effects of steroid hormones and IFN on PG secretion and
on COX-2 and PGF synthase gene expression in isolated
endometrial cells. E2 significantly decreased PGF,, and PGE,
production, whereas P4 increased PGF,,, but not PGE,, se-
cretion in epithelial cells. E2 and P4 had no effect on PGF,,,
and PGE, secretion by stromal cells. This is generally con-
sistent with the previous report by Asselin et al. (7). In vivo,
P4 increases uterine secretion of PGF,, (31). E2 is generally
thought to stimulate PG synthesis, because administration of
E2 to cows at midcycle (32) or to P4-primed ovariectomized
cows (33) stimulates PGF,,, secretion. At the present time, it
is not clear why E2 decreases PGF,, secretion and prevents
the P4-induced stimulation in isolated cells in vitro but stim-
ulates secretion in vivo.

The decrease in PGF,,, secretion induced by E2 in vitro is
probably caused by decreased COX-2 enzyme activity, given
that it is associated with a decrease in COX-2, but not PGFS,
mRINA. P4 did not increase either COX-2 or PGFS mRNA,
although it increased PGF,, production; thus, the effect of P4
on PGF,,, production is probably not at the level of the gene
expression of these enzymes. This was also suggested by
Smith et al. (34). P4 may, however, act at the level of trans-
lation of COX-2, because Charpigny et al. (24) have shown
that ovine endometrial COX-2 protein was highly induced by
P4. Steroid hormone treatment does not affect the amount of
the COX-1 protein (24), and it is unlikely that P4 acts via this
constitutively expressed enzyme.

tbIFN-7 attenuated the secretion of both PGF,, and PGE,
from epithelial cells. This agrees with previous reports (12—
16, 35). The decrease in PG secretion, brought about by
bIFN-7, was probably caused by the decrease in COX-2
mRNA. In the presence of P4, tbIEN-7enhanced the secretion
of PGE, and thus increased the PGE,/PGF,, ratio. This might
be explained by the inhibition of PGFS expression by
rbIFN-7, whereby more of the precursor for PG synthesis will
be available for synthesis of PGE,. In contrast to its inhibitory
effect on PGF,, secretion in epithelial cells, rbIFN-7markedly
enhanced PGF,, and PGE, production in stromal cells. IFN
had a greater effect on PGE; than on PGF,,,, resulting in a net
increase in the PGE,/PGF,, ratio. The increase in PG secre-
tion was associated with an increase in COX-2 expression,
and the decrease in PGFS mRNA by rbIFN-7may be respon-
sible for the increased PGE,/PGEF,,, ratio. The stimulation of
PGE, by rbTP-1 (1bIFN-7) has been previously reported in
bovine endometrial stromal cells (13) (36). Because PGE; is
considered to be a luteoprotective agent (37) and stromal
cells are a predominant cell population in the endometrium,
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this induction of PGE, by rtbIFN-rmay play an important role
in the maintenance of the CL.

Our results, and those of others (12-16, 35), differ from
those reported by Asselinet al. (36), who showed that rbIFN-7
and recombinant ovine IFN-7 stimulated both PGF,, and
PGE, in cultured bovine uterine epithelial cells. One possible
explanation of the different results is LPS contamination of
the IFN-7, because gram-negative bacteria, including Esche-
richia coli used to produce recombinant JFN-7, contain LPS in
their cell membrane. LPS is a strong stimulator of PG syn-
thesis (especially PGE,) in many types of cells, such as human
monocytes (38), gingival fibroblasts (39), neutrophils (40), rat
peritoneal macrophages (41), and blood-derived macro-
phages of red deer (42). The results presented in this study
show that LPS is also a powerful stimulator of PG synthesis
in endometrial epithelial and stromal cells. LPS increased
PGE, secretion more than PGF,, in the epithelial cells,
whereas the stimulation of PGF,, and PGE, were similar
(except at 0.1 ug/ml) in stromal cells. In our study, all the
reagents and the rbIFN-rwere assayed for endotoxin, and the
content was lower than the limit of detection (<0.1 ng/ml)
of the Limulus amebocyte lysate assay. It might be important
to screen recombinant products for endotoxin content when
used to investigate PG synthesis.

In conclusion, this study showed differential effects of E2,
P4, and rbIFN-7 in the regulation of PG production, and
COX-2 and PGFS gene expression in cultured bovine endo-
metrial cells. Qur results show that E2 inhibited PGF,, and
PGE, production by down-regulating COX-2 expression in
epithelial cells. P4 increased PGF,, secretion but did not
up-regulate COX-2. rbIFN-r attenuated PGF,, and PGE; in
epithelial cells and enhanced PGF,,, and PGE, in stromal cells
by down- and up-regulating COX-2 mRNA, respectively.
The changes in the ratio of PGE, to PGF,,, brought about by
rbIFN-7, are associated with a decrease in PGFS mRNA
abundance.
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Abstract
Oxytocin (OT) is responsible for the episodic release of luteolytic prostaglandin
(PG) Fy, from the uterus in ruminants. The attenuation of OT-stimulated uterine
PGF,, secretion by interferon-t (IFN-1) is essential for prevention of luteolysis
during pregnancy in cows. To better understand the mechanisms involved, the
effect of recombinant bovine IFN-t (rbIFN-t) on OT-induced PG production,
cyclooxygenase-2 (COX-2) and PGF synthase (PGFS) expression in cultured
endometrial epithelial cells was investigated. Cells were obtained from cows at
days 1-3 of the estrous cycle and cultured to confluence in RPMI medium
supplemented with 5% steroid-free fetal calf serum. The cells were then
incubated in the presence or absence of either 100 ng/ml OT or OT plus 100
ng/ml rbIFN-1 for 3, 6, 12 and 24 h. OT significantly increased PGF,, and PGE,
secretion at all time points (p<0.01), while rbIFN-t inhibited the OT-induced PG
production and reduced OT receptor binding in a time-dependent manner. OT
increased the steady-state level of COX-2 mRNA, measured by Northern blot,
which was maximal at 3 h (9-fold increase) and then decreased with time
(p<0.01). OT also caused an increase in COX-2 protein, which peaked at 12 h
(11fold increase), as measured by Western blot. Addition of rbIFN-t
suppressed the induction of COX-2 mRNA (89%, p<0.01) and COX-2 protein
(50%, p<0.01) by OT. OT also increased PGFS mRNA, and this stimulation was
attenuated by rbIFN-t (p<0.01). To ensure that the decrease in COX-2 was not
solely due to down-regulation of the OT receptor, cells were stimulated with a
phorbol ester (PMA) in the presence and absence of rbIFN-t. The results
showed that rbIFN-t also decreased PMA-stimulated PG production and COX-2
protein. It can be concluded that rbIFN-t inhibition of OT-stimulated PG

production is due to downregulation of OT receptor, COX-2 and PGFS.
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Introduction

Prostaglandin (PG) Fy,, primarily secreted from the surface epithelium of
the uterus, is the luteolytic agent in ruminants [1-3] and oxytocin (OT) is
responsible for its episodic release [4-7]. OT stimulates secretion of PGF,, from
the endometrium [8-12] and the uterine OT receptor concentrations determine
the sensitivity of endometrium to OT stimulation [6, 9, 13].

The attenuation of pulsatile secretion of PGF,, from the uterus is
essential for the prevention of luteolysis during pregnancy in cows. The
trophoblast secretes a protein, interferon-t (IFN-t), between days 15 to 24 of
gestation [14] that prevents luteolysis by suppressing endometrial PGF,,
secretion. Conceptus secretory proteins (CSP) suppress OT-induced PGF,,
production [15, 16], also treatment with natural or recombinant bovine IFN-t
(rbIFN-t) reduces the OT-induced secretion of PGF,, and PGE, by bovine
endometrial epithelial cells in vitro [8, 17, 18]. The suppression of OT-induced
PGF,, by IFN-t is generally thought to be due to a decrease in OT receptor
number. It has been demonstrated that the endometrial OT receptor
concentration on ovine uterine endometrium is reduced in pregnant animals
[19-21], and that intrauterine infusion of rbIFN-t attenuates OT binding to the
endometrium in cattle [22] and sheep [23].

Although IFN-t reduces OT receptor number in the endometrium, this is
probably not the only effect the embryo has on PG secretion during early
pregnancy. An inhibitor of PG synthesis is induced in the endometrium of
pregnant cows [24-26]. This inhibitor has recently been identified as linoleic acid
[27] and is thought to compéte with arachidonic acid for the active site on the
cyclooxygenase (COX) enzyme, which is the key rate-limiting enzyme

responsible for the conversion of arachidonic acid to PGG; and PGH,. These
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compounds are the precursors for PGF,, PGE, and other members of the
prostaglandin family [28]. Two isoforms of COX (COX-1 and COX-2) have been
identified in mammalian cells. COX-1 is a constitutively expressed enzyme,
COX-2 is induced by various substances, such as phorbol esters, mitogens,
cytokines and serum [29-31], and by OT in the uterus [11, 18, 32].

The inhibitory effect of IFN-t on OT-induced PGF,, is well established,
but the molecular mechanisms involved have not yet been completely
elucidated. One mechanism by which IFN inhibits the OT-induced PGF,,
synthesis is by reducing estradiol receptor number and thus preventing an
estrogen-induced increase in OT receptor number [33, 34]. However, other
mechanisms such as the production of an inhibitor of PG synthesis [27, 35] may
also be involved. Furthermore, since treatment of ovariectomized cows with
progesterone alone results in an increase in response to OT [36, 37], some
induction of OT receptor may be independent of estradiol action. If this is the
case, and IFN suppresses estradiol-induced OT receptor, then IFN may also
have other effects on PG synthesis to ensure that luteolysis does not occur. Since
OT increases COX-2 mRNA in vivo [11] and in vitro [18], the objectives of the
present study were to determine 1) the effect of IFN-t on OT-induced COX-2
and 2) the effect of OT and IFN-t on PGFS, the enzyme that converts PGH2 to
PGFy,. Since IFN-t decreases OT receptor number in vivo, the effect of IFN-t on
PMA-stimulated PG synthesis was also examined to ensure that effects of IFN-t

were not solely due to changes in OT binding.

Materials and Methods

Chemicals and reagents:
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Tissue culture medium (RPMI 1640), Hank’s Buffered Saline Solution
(HBSS, calcium and magnesium free), fetal calf serum (FCS), antibiotics and
trypan blue were purchased from GIBCO (Grand Island, NY, USA). Collagenase
(Type IT), trypsin (Type 11, from bovine pancreas), DNase I (Type I, from bovine
pancreas), Gentamicin, calf thymus DNA, Hoechst NO. 33258, phorbol 12-
myristate 13-acetate (PMA) and E-TOXATE kit were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Matrigel was obtained from VWR Scientific
(Mississauga, Ontario, Canada). Oxytocin was purchased from Vetroquinol
(Joliette, Quebec, Canada). Recombinant bovine interferon-t was generously
provided by Dr. RM. Roberts [38]. The polyclonal rabbit COX-2 antibody
(MF243) was kindly provided by Drs. Jilly F. Evant and Stacia Kargman (Merck

Frosst Center for Therapeutic Research).

Preparation and culture of cells

Uteri from cows at days 1 to 3 of the estrous cycle were collected at the
slaughterhouse and transported on ice to the laboratory. Days 1-3 were selected
because the stage of the estrous cycle can be accurately determined from
slaughterhouse material due to the presence of the corpus hemorrhagicum. The
endometrial epithelial and stromal cells were separated as described previously
[39, 40]. Briefly, the two horns of each uterus were washed with sterile HBSS
containing 100 units penicillin, 100 pg streptomycin and 0.25 ug amphotericin
per ml. The myometrial layers were dissected away and the horns were then
everted to expose the epithelium. The everted horns were digested for 2 h in
HBSS with 0.3% trypsin at room temperature. At the end of incubation, the
digested horns were scraped gently with forceps and then washed twice in
HBSS. The scrapings and washings were combined with the digested cells and

then FCS was added to a final concentration of 10% to block the action of
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trypsin. The cell suspension was centrifuged at 60 x g for 5 min. The pellet was
washed three more times with HBSS. Since most epithelial cells are in clumps
after trypsin digestion, it is possible to separate them from completely dispersed
stromal cells by this low-speed centrifugation (60 x g for 5 min). The pellet was
then suspended in 20 ml RPMI medium containing 50 pg/ml gentamicin and
plated onto 100 x 20 mm Nunclon petri dishes (GIBCO, Grand Island, NY) and
incubated at 37 C in 5% CO2, 95% air for 3 h to allow for attachment of
contaminating stromal cells. At the end of incubation, the unattached epithelial
cells were collected. After cell counting and viability determination by trypan-
blue exclusion, cells were plated onto matri-gel coated 100 x 20 mm Nunclon

petri dishes. At the time of plating, the cell viability was greater than 95%.

Treatment of cells

After reaching confluence, usually at about 7 d, cells were incubated in
RPMI medium supplemented with 5% dextran-charcoal treated FCS (DC-FCS)
in presence or absence of 100 ng/ml rbIFN-t, 100 ng/ml OT, or OT plus rbIFN-t
for 3, 6, 12, and 24 h. In a second experiment, cells were incubated in the
presence or absence of PMA (100 ng/ml) or PMA plus rbIFN-t (100 ng/ml) for
12 h. At the end of the culture, medium was collected for PG measurement. The
cells were either lysed with guanidinium isothiocyanate and stored at -70 C for
RNA isolation, or scraped from the dish and suspended in 5 ml HBSS and then
pelleted by centrifugation at 1000 x g for 5 min at 4 C. The cell pellets were
stored at -70 C for Western blotting. For the oxytocin binding experiment, the
confluent epithelial cells were incubated in RPMI medium supplemented with
5% dextran-charcoal treated FCS (DC-FCS) in presence or absence of 100 ng/ml
rbIFN-t for 3, 6, 12, and 24 h. The doses of OT and IFN-t used in these
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experiments were those that gave the maximum response in preliminary dose-
response studies (data not shown). The concentration of IFN-t in the uterine
lumen is not known and the dose of IFN-t used is in the same range as in
previously published studies [8].DNA content was determined by the

bisbenzimide fluorescent dye method of Labarca and Paigen [41].

Isolation of total RNA and Northern blot analysis

Total RNA was isolated from the cultured cells by centrifugation through
a density gradient of 5.7 M cesium chloride. Twenty-five micrograms of total
RNA were denatured at 56 C for 15 min, electrophoresed in 1.2% agarose gel
and passively transferred to Hybond nylon membranes by capillary blotting.
The nylon membranes were UV-cross-linked for 30 sec at 150 mj in a UV
chamber (Bio-Rad GS Gene Linker; Bio-Rad Labs, Richmond, CA) and
prehybridized for 4-6 h in hybridization buffer at 55 C. Blots were hybridized
with the appropriate 32p 1abeled probes (1 X 100 cpm/ml) for 16 h at 55 C,
washed in 2 X saline-sodium citrate (S5C), 0.1% sodium dodecyl sulphate (SDS)
at 60 C for 15-20 min and then successively in 2 X SSC, 0.1% SDS at 55 C for 15-
20 min twice. Autoradiography was performed with Kodak XAR-5 (Mandel
Scientific Company Ltd., Guelph, Ontario, Canada) and double intensifying
screen at -70 C for various exposure times. For rehybridization with a different
probe, blots were boiled for 3 min in DEPC-treated H2O containing 0.1% SDS
and exposed to film overnight to check for completeness of the removal of the
probe. Autoradiographic bands were scanned using Foto/Analyst (Fotodyne
Inc., New Berlin, WI) and the intensity of the bands was quantitated by the
NIH-Image program. The amount of mRNA loaded was normalized using 28S
mRNA.
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Probes

Mouse COX-2, bovine PGFS and human 285 cDNAs were used as probes
to detect COX-2, PGFS and 28S gene expression in cultured bovine endometrial
epithelial cells. A mouse COX-2 cDNA [42] was previously validated for use
with bovine tissues [43]. A bovine PGFS ¢cDNA probe was generated by RT-
PCR. Five micrograms of RNA extracted from granulosa cells of bovine
preovulatory follicles [43] were reversed-transcribed using AMV (Avian
Myeloblastosis Virus) reverse transcriptase (Pharmacia Biotech, Montreal,
Canada) and oligodeoxythymidine primers. For the PCR reaction, homologous
primers were designed from the published bovine PGFS sequence lung form
[44]. The sense 25-mer primer 5-TTAATGATGGCCACTTCATTCCIGT-3'
corresponded to region from +29 to +53 bp from the start codon, and the
antisense 25-mer primer 5-GAGTCAGTTCAAAGTCAAACACCTG-3' was
from +841 to +865 bp of the bovine PGFS lung form [44]. The expected 837-bp
PCR product was subcloned into the pCR 2.1 vector (Invitrogen, Carlsbad, CA),
and its identity was confirmed by DNA sequencing using the T7 Sequencing Kit
(Pharmacia), which employs the dideoxy nucleotide chain termination method

[45].

Cell extracts and Western analysis of COX-2 protein

Solubilized cell extracts were prepared as previously described [43].
Briefly, cells were homogenized on ice in 500 ul TED homogenization buffer (50
mM Tris, 10 mM EDTA, 1 mM DEDTC, pH 8.0) supplemented with 2 mM octyl
glucoside, and centrifuged at 30,000 x g for 1 h at 4 C. The crude pellets
containiﬁg membranes, nuclei and mitochondria were sonicated (5 sec/cycle; 4

cycles) in 200 pl TED sonication buffer (20 mM Tris, 50 mM EDTA, 0.1 mM



102

DEDTC, pH 8.0) containing 32 mM octyl glucoside. The sonicates were
centrifuged at 13,000 x g for 25 min at 4 C. The supernatants (solubilized cell
extracts) were stored at -70 C until Western analysis. The protein concentration
was determined using the Bio-Rad Protein Assay.

Fifty pg of cell extracts were separated by 10% one-dimensional SDS-
PAGE, and electrophoretically transferred onto nitrocellulose membrane. The
membranes were incubated with COX-2 antibody MF 243 and 1251 1abeled
protein A was used to visualize immunopositive proteins as described
previously [43]. Autoradiographic bands were scanned by Foto/Analyst
(Fotodyne Inc., New Berlin, WI) and the intensity of the bands was quantitated

by the NIH-Image program.

OT receptor and binding assay

OT binding was measured using whole cells. At the end of the culture,
the medium was aspirated and 100 ul of 10 nM 3H-OT either with (non-specific
binding) or without (total binding) a 200-fold excess of unlabelled OT in
binding buffer (25 mM Tris-HCl, pH 7.6; 0.1% BSA (w/v); 1 mM MnCl2) [46]
was added to each of three wells for each treatment. For saturation analysis of
oxytocin receptor, epithelial cells were incubated with 0.15-15 nM [’H]-OT. The
binding affinity of ["H]-OT for cell supernatants was determined using the least
squares curve fitting program LIGAND [47]. Plates were incubated for 20 min at
room temperature and then washed three times with 1 ml of saline.
Solubilization solution (250 ul, 0.5% Triton-X 100, 1 M NaOH) was added into
each well and incubated overnight at 37 C. The solubilized cells were
neutralized with 62.5 pl of 4 M HCl and then counted in 4 ml of scintillant
liquid. Specific binding (total minus nonspecific binding) values were expressed

as DPM per ng DNA.
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Radioimmunoassay of PGF,, and PGE,

Concentrations of PGF,, were measured in 100 pl aliquots of culture
medium after 10-fold or 100-fold dilution with assay buffer. Serial dilutions of
medium samples (n = 3) were parallel to the standard curve. The antibody was
purchased from Cayman Chemical Co., Ann Arbor, MI; its cross-reactivities
against 13, 14-dihydro-15-keto-prostaglandin Fy, (PGFM), 6-keto-PGFy,, PGDy,
PGE, and AA were 0.07, 6.1, 0.6, 02 and 0.002% respectively at 50%
displacement. The sensitivity of the assay was 62.5 pg/ml and the intra- and
inter-assay coefficients of variation were 9.2 and 12.3% respectively.

Concentrations of PGE, were measured directly in 10 or 100 pl aliquots of
culture medium. The antiserum was purchased from Assay designs Inc. (Ann
Arbor, MI); its cross-reactivity against PGE;, PGFy,, PGFyq, 6-keto PGF,, was 70,
1.4, 0.7 and 0.6% respectively. The sensitivity of the assay was 40 pg/ml and the

intra- and inter-assay coefficients of variation were 6.3 and 8.6% respectively.

Endotoxin assay

The Limulus amebocyte lysate assay was used to measure the endotoxin
concentration in all reagents used in this experiment, according to the protocol
provided by Sigma. The endotoxin content of all reagents, including rbIFN-t

was lower than the minimum detectable level by this method (< 0.1 ng/ml).

Statistical analysis
Each experiment was carried out using the cells from one uterus and was
repeated with 4 different uteri collected at different times from the

slaughterhouse. Effects of treatment on PGF,, and PGE, production, OT
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receptor number and COX-2 and PGFS expression in uterine cells were
evaluated by least-squares analysis of variance. The data for PGFy,
concentrations were transformed to logarithms to eliminate heterogeneity of
variance. The effect of treatment was analyzed using a 2-way factorial design,
which included the main effects of hormone treatment (control, OT and OT plus
rbIFN-t) and incubation time, and the treatment x time interaction. Since uterus
was nested within an experiment it was included as a random variable in the F-
test for the effect of experiment. If a significant treatment or treatment x time
interaction was found, further analysis was performed using OT and OT + IFN-
T as treatments to isolate effects of IFN. Simple effect comparisons were
performed to determine differences between individual means. A probability of
p<0.05 was considered to be statistically significant. The data were analyzed

using the computer program, JMP (SAS Institute Inc.,, NC, USA).

Results

Effect of IFN-t on OT-induced prostaglandin secretion

The basal secretion of PGF,, and PGE, by untreated epithelial cells did
not change with time (treatment x time interaction, p<0.05). OT stimulated
secretion of both PGF,, and PGE,, an effect which increased with time (p<0.01)
(Figs. 1a and b). The increase in PGE, was maximum at 12 h whereas PGF;,
continued to increase at 24 h. Addition of rbIFN-t inhibited the OT-induced
increase in PGF,, (p=0.02) and PGE, (p<0.01). OT and OT plus rbIFN-t
decreased the PGE,/PGF,, ratio at 24 h (p<0.05), but not before (Fig. 1c).

Effect of IFN-1 on OT-induced COX-2
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Unstimulated levels of COX-2 mRNA did not change with time
(treatment x time interaction, p<0.01). OT significantly upregulated COX-2
mRNA (Fig. 2, p<0.001) at all time points measured. The OT-induced COX-2
mRNA steady-state level was highest at 3 h, and then decreased with time.
rbIFN-t dramatically reduced the OT-induced COX-2 mRNA levels at 3 and 6 h
(p<0.01) but had no significant effect at 12 and 24 h.

The specific COX-2 antibody used bound to two COX-2 protein bands
with molecular weights of approximately 74,000 My and 62,000 My, respectively

(Fig.3a). The smaller My band has previously been observed in rat [48], sheep
[49] and bovine [43], and is believed to be a proteolytic fragment [43]. The
concentration of COX-2 did not change with time in the untreated cells. OT
markedly increased COX-2 protein at all time points (3.8, 6.2, 10.2, and 5.2 fold
at 3, 6,12, and 24 h, respectively. Fig. 3, p<0.001) with the maximum stimulation
at 12 h. Addition of rbIFN-t suppressed the induction of COX-2 protein by OT
(p<0.001) at all times, reducing its abundance by 42, 56, 52, and 47% at 3, 6, 12,

and 24 h, respectively.

Effect of IFN-t on OT-induced PGFS mRNA levels

A 1.4 kb transcript hybridized with the bovine PGFS cDNA probe (Fig.
4). The basal and stimulated levels of PGFS decreased with time (P<0.05). oT
upregulated PGFS mRNA (p<0.001) at all times and rbIFN-t significantly
inhibited this induction (p<0.01), reducing PGFS mRNA by 32, 29.5, 12.7, and
24.1% at 3, 6,12, and 24 h, respectively.

Effect of IFN-t on OT binding
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Results shown in Figure 5 indicated that specific binding of [’H]-OT by
epithelial cells was saturable and exhibited high affinity. The disassociation
constant (Kq) is 4.9 nM . To determine if rbIFN-t altered OT binding to the cells
in vitro, confluent epithelial cells were treated with 100 ng /ml rbIFN-t for 3, 6,
12, and 24 h, and OT binding was measured using ’H-OT. The results show that
rbIFN-t significantly decreased OT binding to the cells as early as 3 h after
treatment (p<0.01, Fig. 6).

Effect of IFN-t on PMA-stimulated PGF,, production

The effect of rbIFN-t on PMA-stimulated prostaglandin synthesis was
examined to determine whether the observed decrease in OT-induced
prostaglandin secretion by rbIFN-t was due solely to a decrease in OT binding
to the cells. PMA stimulated PGF,, production by the epithelial cells and this
stimulation was reduced by rbIFN-t (p<0.01) (Fig. 7). rbIEN-t also inhibited the
PMA stimulation of COX-2 protein in the epithelial cells (p<0.01) (Fig. 8).

Discussion

Although it is well known that IFN-t from the embryo inhibits OT-
induced secretion of PGF,, from the endometrium, the exact mechanisms
involved are not completely understood. It is widely accepted that IFN-t
decreases OT receptor number in the endometrium, resulting in a decrease in
the response to OT in pregnant animals. In the cow there is also an increase in
an inhibitor of prostaglandin synthesis in pregnant animals [35], which suggests
that IFN-1 has actions on the endometrium other than decreasing OT receptor.
In this study we investigated the possibility that IFN-t inhibits the OT-

stimulated COX-2. Since it is difficult to dissociate an effect of IFN-t on OT
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receptor-mediated events and post-receptor effects in vivo, an in vitro model was
used to examine the effect of rbIFN-t on the induction of PG secretion, COX-2
mRNA and protein and PGFS mRNA by OT. In the epithelial cell preparation
used, OT significantly stimulated PG production an effect which was attenuated
by rbIFN-t. This is in agreement with previous reports [8, 15, 17, 18, 50] and
reflects the events that occur in vivo. The cells were prepared from uteri taken at
day 3 of the cycle, a time when the uterus is still responsive to OT, and thus
should respond in a similar fashion to the endometrium in vivo at the time of
luteolysis. It is possible that the cells differentiate during the 7-day culture, but
since these cells respond to OT and IFN-t in a similar fashion to that observed in
vivo we believe the results are representative of the situation in vivo.

The in vitro stimulation of PGF,, in bovine endometrial epithelial cells by
OT is associated with an increase in COX-2 mRNA at 24 h after OT treatment
[18], but changes in COX-2 mRNA, COX-2 protein and PGFS over time have not
been previously documented. Our results show a rapid induction in COX-2
mRNA by OT, which was maximal by 3 h and then decreased over time. The
maximal OT-induced COX-2 protein appeared later than the mRNA, with the
lag period of 3-9 h suggesting that the latter is the product of translation of the
former. OT also upregulated PGFS expression which could explain, at least in
part, the difference in the production of PGF,, and PGE,. Production of PGE; by
the epithelial cells plateaued at 12 h, resulting in a significant decrease in the
ratio of PGE, to PGF,, at 24 h. An increase in PGFS would be expected to result
in an increase in the conversion of the precursor, PGHy, to PGF,, at the expense
of PGE;.

In vivo studies in sheep also show that OT induces a rapid increase in

both serum PGFM and endometrial COX-2 mRNA, peaking at 25 min post
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injection [11]. Thus, the in vivo and in vitro data show that both COX-2 mRNA
and protein are rapidly and transiently expressed in endometrial tissue. This is
consistent with COX-2 being an immediate early gene in the endometrial
epithelium, as in many other tissues [51]. In cattle, pulses of PGF,, occur every
6-8 h during luteolysis [52]. Since COX-2 protein concentration peaks about 12 h
after administration of OT, it is possible that OT is responsible not only for the
immediate stimulation of PGF,, during a luteolytic episode, but may also
increase COX-2 and PGFS and, thereby, the capacity of the uterus to synthesize
PGF,, as luteolysis proceeds. There is an increase in COX around the time of
luteolysis in sheep [53] but whether or not OT is involved in its induction
remains to be established. Charpigny et al (1997) [53], did not detect any
difference between COX-2 levels in cycling and pregnant sheep, suggesting that
OT is not involved. However, in their study, COX-2 protein was measured in
whole endometrium. Therefore, since IEN-t stimulates COX-2 in the stromal but
inhibits COX-2 in the epithelial cells [40], it is possible that changes in COX-2 in
the epithelial cells were masked.

Interferon-t is responsible for inhibiting PGF,, secretion in pregnant
ruminants and one of its actions is to decrease OT receptor number in the
endometrium. Rates of OT receptor gene transcription are two-fold lower in the
endometrium of day 15 cyclic ewes receiving intrauterine injections of
recombinant ovine IFN-t than in control ewes [34]. Intrauterine infusion of
rbIFN-t also attenuates OT binding to the endometrium in the cow [22] and
sheep [23]. Suppression of the estradiol upregulation of OT receptor may not,
however, be the only mechanism involved. OT is able to induce release of PGFy,
in pregnant cows and ewes [54], albeit much lower than that observed in the

cyclic animals [50]. This suggests that functional OT receptors are present in the

pregnant uterus. It is likely, therefore, that IFN-t decreases PGF,, secretion in
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the endometrium of the pregnant cow by actions other than the reduction of OT
receptors. One such mechanism is the production of an inhibitor of PG
synthesis, as occurs in the endometrium of the pregnant cow [35]. This inhibitor
has recently been identified as linoleic acid, which competes with arachidonic
acid for the active site of the COX enzyme [27]. Our results show that rbIFN-t
also inhibits the OT-induced increase in COX-2 and PGFS mRNA. Together the
data suggest that rbIFN-t has several effects on the endometrium that result in
decreased PGF,, secretion in the pregnant animal and thus the maintenance of
the corpus luteum (CL).

Since OT and IFN-t were added at the same time, it is unlikely that the
observed effect of IFN-t was due to a change in OT receptor. However, rbIFN-t
did decrease OT binding by the epithelial cells. To ensure that the rbIFN-t
inhibition of the OT-induced COX-2 was not solely due to a decrease in OT
receptor, the effect of rbIFN-t on PMA-induced PGF,, secretion was examined.
OT acts via the protein kinase C intracellular pathway. Thus, activating protein
kinase C with PMA bypasses the interaction of OT with its receptor. PMA
markedly stimulated PGF,, secretion by epithelial cells, which is consistent with
previous reports in cows [55, 56] and pigs [57]. PMA stimulated PG synthesis in
the endometrial epithelial cells by increasing COX-2 protein, consistent with its
effect in other cell types. The effect of PMA on PGF,, synthesis and COX-2
protein was significantly reduced when the cells were treated with rbIFN-t.
These results indicate that the inhibitory effect of IFN-t on OT-induced PGFy,
secretion is not only due to the decrease in OT receptor, but also to
downregulation of COX-2. This is consistent with our previous demonstration

that rbIFN-t decreases basal PGF,, secretion by downregulation of both COX-2
and PGFS mRNA [40].
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In conclusion, the present study shows that OT stimulates PGFS as well
as COX-2 in endometrial epithelial cells and that rbIFN-t inhibits this OT-
induced COX-2 and PGFS. These data suggest that during pregnancy rbIFN-t
inhibits OT-induced PGF,, secretion from the endometrium not only by
downregulating OT receptor, but also by decreasing COX-2 and PGFS via a

mechanism independent of changes in OT receptor.
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Fig. 1. Effect of OT and rbIFN-t on prostaglandin production in epithelial cells.
Confluent epithelial cells were incubated in RPMI medium supplemented with
5% DC-FCS, control (CTL, open bar), with 100 ng/ml OT (solid bar) or with OT
plus 100 ng/ml rbIFN-t (hatched bar) for 3, 6, 12, and 24 h. The culture medium
was collected for PGF,, (a) and PGE, (b) measurement by RIA. Data are
normalized to the DNA content of the respective wells. The ratio of PGE; to
PGF,, was calculated (c). The data are presented as the least-square means +
SEM (n=4). There was a significant inhibitory effect of rbIFN-t on the OT-
induced increase in both PGF,, (p=0.02) and PGE, (p<0.01). OT and OT +
rbIFN-1 decreased the PGE,/PGF,, ratio at 12 and 24 h (p<0.05) but not before.
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Fig. 2. Northern blot analysis of COX-2 mRNA in epithelial cells. RNA was
isolated from epithelial cells. A representative sample is shown (a), when 25 ug
of total RNA per lane was loaded and blots were hybridized with ?P_labeled
mouse COX-2 cDNA probe. The stripped blots were rehybridized with human
285 cDNA probe as a loading control. Autoradiographic bands were scanned by
a densitometer and normalized to their 28S values (b). Open bars, solid bars,
and hatched bars represent Control, OT, and OT plus rbINF-t, respectively.
Data are expressed as the least-square means £ SEM (n=4). rbIFN-t reduced the
OT-induced COX-2 mRNA levels at 3 and 6 h (p<0.001) but not later.
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Fig. 3. Western blot analysis of COX-2 in epithelial cells. Solubilized cell extracts
were prepared from epithelial cells after OT and rbIFN-t treatment as described
in Fig. 1. Fifty pg of protein per lane was loaded and the membranes were
incubated with COX-2 antibody MF 243 and 2L Jabeled protein A was used to
visualize immunopositive proteins (a). Autoradiographic bands were scanned
by a densitometer and quantified (b). Open bars, solid bars, and hatched bars
represent Control, OT, and OT plus rbINF-t, respectively. Data are expressed as
the least-square means + SEM (n=4). rbIFN-t suppressed the induction of COX-
2 protein by OT at all time points (p<0.001).
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Fig. 4. Northern blot analysis of PGFS in epithelial cells. The same blots used in
Fig. 2. for COX-2 hybridization were stripped and hybridized with %2P-labeled
PGFS probe (a). The densitometric values of PGFS were normalized to their 285
values (b). Open bars, solid bars, and hatched bars represent Control, OT, and
OT plus rbINF-t, respectively. Data are expressed as the least-square means +
SEM (n=4). rbIFN-1 inhibited the OT-induced PGFS mRNA at all time points
(p<0.01).
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Fig. 5. Saturation analysis of specifically bound [’H]-oxytocin to primary
cultures of bovine endometrial epithelial cells. Cells were cultured to confluence
in RPMI 1640 containing 5% DC-FCS. The cells were then incubated with 0.15-
15 nM [SH]-OT with or without 200-fold molar excess of unlabeled oxytocin. a)
Total binding (O), nonspecific binding (®), and specific binding (V) by epithelial
cells are presented as saturation curves. b) The corresponding Scatchard plot of

specific binding is presented. B/F, bound to free ratio.
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Fig. 6. Effect of rbIFN-t on OT receptor number in epithelial cells. Confluent
epithelial cells were incubated in RPMI medium supplemented with 5% DC-
FCS in presence or absence of 100 ng/ml rbIFN-t for 3, 6, 12, and 24 h. At the
end of the culture, the whole cells were incubated with 100 ul of 10 nM *H-OT
in the presence or absence of 200-fold molar excess of unlabelled OT in the
binding buffer to measure the total and non-specific binding. Data are
presented as specific binding, normalized to the respective DNA content. Data
are expressed as the least-square means + SEM (n=4) and ** represents
significant difference between medium control and rbIFN-t treatment within

the same time point (p<0.01).
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Fig. 7. Effect of tbIFN-t on PMA-induced PGF,, in epithelial cells. Confluent

epithelial cells were incubated in RPMI medium supplemented with 5% DC-
FCS in absence (CTL) or presence of 100 ng/ml PMA or PMA plus rbIFN-t for
12 h. The culture medium was collected for PGF,, measurement by RIA. Data
are normalized to the DNA contents of the respective wells. Data are presented
as the least-square means + SEM (n=4). rbIFN-t decreased the PMA-stimulated

PGF,, production (p<0.01).
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Fig. 8. Effect of rbIFN-t on PMA-induced COX-2 protein. Solubilized cell
extracts were prepared from epithelial cells after treatment for 12 h with PMA
and rbIFN-t. Fifty pg of protein per lane was loaded and the membranes were
incubated with COX-2 antibody MF 243 and "I-labeled protein A was used to
visualize immunopositive proteins (a). Autoradiographic bands were scanned
by a densitometer and quantified (b). Data are expressed as the least-square
means + SEM (n=3). rbIFN-t suppressed the induction of COX-2 protein by
PMA (p<0.01).
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4. General Discussion

Ovariectomized and hysterectomized animals are very useful in in vivo
experimental systems to elucidate the mechanisms involved in many aspects of
reproductive physiology which are related to the ovary and uterus. With the
establishment of in situ hybridization and immunocytochemical techiques, the
expression of specific genes and proteins can be localized within tissues.
However, due to the interaction between the factor being tested and other
unknown factors in vivo or the interaction between cell types, it is difficult to
determine the direct effect on specific cell types. This can make it difficult to
determine the exact mechanism of action of hormones or other mediators. In
this circumstance, in vitro systems are very helpful for the further study at the
cellular and molecular level. In vitro primary cell culture systems have various
advantages: 1) they can be used to study the functions and responses of one
single cell type to individual factors (such as, growth factors, steroid hormones,
and cytokines) or interactions between different cell types under defined
conditions; 2) responsiveness of a cell to a given stimulus can be studied in
culture for prolonged periods, a problem with tissue perfusion, explant, or in
vivo studies; 3) It is possible to identify the para- and autocrine factors involved
in control of endometrial function; 4) The cell numbers in an experimental
sample can be easily varied up or down, according to the requirements, and
good reproducibility can be achieved between replicates (Findlay et al., 1989).
There are also disadvantages of using in vitro systems, these are that, 1) they fail
to define the activity of the organ as a whole; 2) due to the culture conditions
there may be a lack of, or a change in, the responsiveness of cells in culture such
that their functional character is different when compared with the cells in

whole tissue (Sirbasku, 1980).
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The purification of isolated primary cells has been a problem since the
beginning of use of primary cell culture. The impurity of isolated cells
influences the results, especially when the tested agent has opposite effects on
different cell types. To establish an optimal system, high homogenity of isolated
cell populations is the key. In these studies, the use of low-speed centrifugation
to separate the epithelial clumps from the individual stromal cells, and a further
purification procedure to allow the stromal cells to attach during a short term
incubation resulted in highly homogenous cell populations.

This study shows for the first time that different types of bovine
endometrial cells respond differently to E2 and P4, it also confirms that OT and
IFN-t have different effects in these different cell types. Our results show that
E2 has differential effects on proliferation, PR number and PG secretion in
different endometrial cell types in vitro. E2 increased the proliferation and PR
number in stromal cells, while the higher concentrations of E2 inhibits
proliferation and has no effect on PR number in epithelial cells. The absence of a
stimulatory effect of E2 on epithelial proliferation might be due to the lack of
interactions between stromal and epithelial cells (Cunha et al., 1983; Inaba et 4l.,
1988; Haslam and Counterman, 1991). E2 is thought to act through ER to
regulate uterine epithelial cell growth, proliferation, differentiation and
secretory protein production. However, it has been shown that E2-induced
uterine epithelial proliferation is a paracrine event mediated by ER-positive
stroma in mouse; epithelial ER is neither necessary nor sufficient for E2-induced
uterine mitogenesis in the absence of ER-positive stroma in mouse (Cooke et al.,
1997). In contrast, the production of E2-dependent epithelial secretory proteins,
such as lactoferrin (LF) and increase in expression of their mRNA requires both
stromal and epithelial ERa (Setiawan et al., 1997). Recent evidence, however,

shows that another non-ER mediated signaling pathway exists for estrogen
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action. The expression of the E2-responsive gene, LF, in the uterus is
independent of the classical ER because it was altered by E2 in ER 'knock-out'
mice (Das et al., 1997).

This study shows that E2 increases ER number in both cell types, and
although P4 alone has no effect on ER, it inhibits the stimulation of E2 on ER in
stromal cells. However, it is not clear why P4 did not inhibit the E2 stimulation
of the ER in the epithelial cells. There could be a difference in receptor
regulation in the two cell types or down regulation of the ER in the epithelial
cells might be mediated by the stromal cells as suggested by Wathes et al. (1996).
Changes in steroid receptors are considered to play an important role in the
timing of luteolysis in cattle (Meyer ef al., 1988; Zollers et al., 1993). It was
suggested that high concentration of P4 during the luteal phase inhibits both ER
and PR (Katzenellenbogen, 1980; Leavitt et al., 1983; Clark ef al., 1985; Sumida et
al., 1988). The complete inhibition of P4 on PR takes about 10 days. Thereafter,
the inhibition of P4 on ER will be released, and E2 increases ER and OTR. This
will initiate the pulsatile release of luteolytic PGF2a (McCracken et al., 1984).
The pulse is amplified by a positive feedback loop existing between the uterus
and ovary (Flint and Sheldrick, 1983; Flint and Sheldrick, 1986).- It has been
shown that the increase in ER mRNA concentrations induced by E2 is via a
posttranscriptional increase in ER mRNA stability rather than an increase in ER
gene transcription in ewes. E2 can increase the half-life of ER mRNA from 7.5 h
to greater than 24 h (Ing and Bhattacharyya, 1997). Since P4 acts via its receptor
to suppress the ER throughout most the luteal phase, work is needed to
examine the effect of prolonged exposure of the cells to P4 on PR and ER levels.
Regulation of the PR is probably the key to the timing of luteolysis. The use of

this in vitro system could be very useful to study the molecular mechanisms
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involved in the regulation of the PR that would be difficult to be carried out in
vivo.

E2 is generally thought to stimulate PG synthesis because administration
of E2 to cows at mid-cycle (Thatcher et al., 1984), or to P4 primed
ovariectomized cows (Lafrance and Goff, 1988), stimulates PGF2a secretion.
However, our results show that treatment with E2 inhibits PG secretion and
COX-2 gene expression in epithelial cells. Therefore, E2 may have a dual
function in luteolysis, inhibiting PG synthesis, but increasing OTR number and
thus the sensitivity of uterus to OT. We have preliminary data that show that
the treatment of epithelial cells with E2 increases their sensitivity to OT. P4 also
increases PG secretion from these cells (Fig. 2, article 3). Thus, in the in vivo
situation, P4 increases PG synthesis in the epithelial cells. The main action of E2,
even though it might decrease the PG synthetic capacity of the endometrium, is
to increase the sensitivity of the tissue to OT. Further studies are needed using
the cell culture system to examine in more detail the effect of long term
treatment of the cells with P4 on their ability to respond to E2 and OT.

The prevention of luteolysis is essential for the maintenance of
pregnancy. The primary signal of pregnancy, IFN-t, secreted by the trophoblast,
is the antiluteolytic agent. Our results further support this notion and begin to
unravel the mechanisms by which IFN-t regulates PG secretion at the cellular
and molecular levels. IFN-t might have a dual function in the prevention of
luteolysis. IFN-t stimulates PGE2 secretion by the stromal cells and inhibits the
basal and OT-induced PGF2a secretion by epithelial cells. PGE2 is believed to be
luteoprotective (Bazer ef al., 1991) and PGF2a is luteolytic. The actions of IFN-t
on PG production by endometrial cells were positively correlated with the

changes in COX-2 gene expression. Treatment of the cells with IFN-t also
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increased the PGE2/PGF2a ratio, this change in the ratio of PGE2 to PGF2a. is at
least partially due to the inhibition of PGFS expression by IFN-t.

IFN is believed to inhibit PGF2a secretion in pregnant animals by
preventing the increase in OTR (Mirando et al., 1993; Stevenson et al., 1994;
Spencer et al., 1996a). Our results show that rbIFN-t not only decreases OTR but
also inhibits the OT-induced PG secretion and COX-2 mRNA and protein in
endometrial epithelial cells. This inhibition of PG production does not appear to
be a result of the decrease in only OTR number, but also by some other post-
receptor mechanisms, since IFN-t also inhibts the basal secretion of PGs, steady
state levels of COX-2 and PGFS mRNA. OT acts via stimulation of the protein
Kinase C (PKC) intracellular pathway and PKC can be activated by PMA.
Furthermore, the OTR can be bypassed by treating the cells with PMA, which
stimulates PKC and thus PG secretion. The inhibition of PMA-induced PG
secretion by IFN-t in epithelial cells supports our hypothesis that IFN-t acts on
some post-OTR steps. However, further studies are necessary to examine the
effect of IFN-t on PMA stimulated COX-2 mRNA and protein levels.

This study provides new data that elucidates the possible functions of
steroid hormones, OT and IFN-t as well as the different type of endometrial
cells, in luteolysis and the recognition of pregnancy. However, a few important
aspects remain to be investigated. First, the interaction between stromal cells
and epithelial cells is still not well understood. Recent evidence indicates that
the stroma mediates receptor-negative epithelial cell functions via hormone-
induced growth factors, such as keratinocyte growth factor (KGF or FGF-7) and
hepatocyte growth factor (HGF). KGF is produced by stromal cells in response
to P4, and its receptor appears to be expressed exclusively on epithelial cells
(Alarid et al., 1994; Rubin et al., 1995). HGF which is induced by E2 in stromal

cells binds to its high-affinity receptor to induce mitogenesis, cell motility and



130

morphogenesis in renal epithelial cells (Cantley et al., 1994). However, these
factors have not been identified and characterized in ovine (Spencer et al.,
1996b). Whether similar factors exist in bovine endometrial stromal cells to
mediate epithelial cell function is still unknown.

Secondly, the possible mediators and mechanism of action of IFN-t needs
to be further clarified. It has been shown that IFN-t induces an increase in an
inhibitor of PG synthesis in the endometrium, which has been identified as
linoleic acid (Danet-Desnoyers et al., 1993; Thatcher et al., 1994) and competes
with arachidonic acid to inhibit PG production. The question is, which aspect of
IFN-1 actions, the availability of arachidonic acid (substrate of COX), inhibition
of OTR, or inhibition of post-OTR mechanisms, is the more important for the
prevention of PGFy, secretion. It has been found that the ratio of linoleic acid to
arachidonic acid was higher in microsomes of pregnant cows (Thatcher et al,
1995) and linoleic acid acts as a competitive inhibitor to reduce the availability
of arachidonic acid for the PG synthesis and the PGHS activity in terms of
conversion rate of arachidonic acid to PGs (Elattar and Lin, 1989). However, our
results show that IFN-t also acts on COX-2, PGFS gene expression. Therefore, it
remains to be investigated if linoleic acid mediates the effect of I[FN-t on these
gene expression.

The intracellular mediators of IFN-t action also need further
investigation. One mediator of the action of IFN-t could be nitric oxide (NO).
NO may directly affect COX activity. COX is a Fe™" containing enzyme and
since NO binds with Fe™", it would be possible for NO to up- or down-regulate
the activity of COX. NO mediates the secretion of PGs during parturition. Our
preliminary results also show that NO increases PG secretion in stromal cells,

and a NO synthase (NOS) inhibitor reduces the IFN-t-stimulating release of PGs
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by stromal cells. This suggests that NO can mediate the action of IFN-t in
stromal cells.

Thirdly, our results show that IFN-t induced PGE2 secretion by stromal
cells in vitro. Antiluteolytic effects of oIFN-t are assumed to be limited to the
uterine lumen since there is no evidence that it is released into either the uterine
venous or lymphatic drainage (Bazer, 1992). Furthermore, olFN-t does not
prevent increased expression of ER by cells of the stroma and deep glandular
epithelium. However, intrauterine injections of rolFN-t induce expression of
Mx mRNA throughout the entire uterine wall (epithelium, stroma, and
myometrium) (Ott et al., 1995). Therefore, IFN-t may stimulate epithelial cells to
produce mediators that act as paracrine signals to activate gene expression in
stroma. Alternatively, IFN-t may have access to the entire uterine wall through
an as yet undefined mechanism (Spencer et al., 1996b). Our studies have shown
that IFN-t can have direct effects on the stromal cells and thus it would appear

that IFN-t could affect the different cell types within the endometrium in vivo.

5. General Conclusion

The objective of this work was to characterize the action of E2, P4, OT
and IFN-t on the individual cell types of the endometrium, in order to begin
establish the mechanisms involved in the initiation of luteolysis and
maintenance of pregnancy. We have shown that:

1) P4 altered the morphology of stromal cells, but not of epithelial cells. Both E2
and P4 enhance the proliferation of stromal cells. E2 inhibited the growth of
epithelial cells, while, P4 appears to have no effect on epithelial cell
proliferation. E2 increased the PR and ER numbers in both cell types. P4
inhibited the E2-induced increase in PR in both cell types, but did not affect
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the basal levels of ER and PR. An interaction between stromal and epithelial
cells may be necessary for the normal function of the epithelial cells in vivo.

2) E2, P4 and rbIFN-t have differential effects in the regulation of PG

production, COX-2 and PGFS gene expression. E2 inhibited PGF;, and PGE2
production by downregulating COX-2 expression in epithelial cells. P4
increased PGF, secretion but did not upregulate COX-2. rbIFN-t attenuated
PGF», and PGE2? in epithelial cells and enhanced PGF,, and PGE2 in stromal
cells by down- and up-regulating COX-2 mRNA, respectively. The changes
in the ratio of PGE2 to PGF;, are associated with a decrease in PGFS
transcription induced by rbIFN-t. rbIFN-t inhibits OT-induced PGF;,
secretion by downregulating OTR, COX-2 and PGFS and the decrease in
COX-2 is not solely due to a decrease in OTR.

3) In general, IFN-t has a dual function in the prevention of luteal regression. It
stimulates the stromal cells to secret PGE2, which is believed to be
luteoprotective agent and may also play a role in implantation. Meanwhile,
IFN-71 inhibits the basal and OT-induced PGF3, (luteolysin) secretion.

The effect of E2, P4, OT and IFN-t all differ between the epithelial cells
and stromal cells. The regulation of luteolysis is complex, involving several
hormones and changes in uterine sensitivity to these hormones over time.
This regulation appears to be further complicated by the fact that the
different cell types react differently to the hormones involved. It remains to
be established exactly how both of these cell types are involved in luteolysis

and its prevention during early pregnancy.
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