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The binding of estrogen to endometrium and uterine

arteries of the ewe was investigated by use of a [3H]estra-

diol exchange assay and by incubating whole tissue ali-

quants with [
3H]estradiol, a method which permits quantifi-

cation of bound estrogen translocated from the cytoplasm to

the nucleus.

Five ewes were necropsied on each of days 0 (estrus),

3, 6 and 10 of the estrous cycle. Uterine horns and

uterine arteries removed from ewes on days 3, 6 and 10 were

identified as being either ipsilateral or contralateral to

the ovary with the corpus luteum. Estradiol binding sites

in endometrium were found to be saturable at ligand concen-

trations of 10 to 20 nM with optimal binding attainable fol-

lowing 60 min of incubation. The dissociation constant

(K
d

) of the ligand-receptor complex was 8.30 nM and the

maximum concentration of binding sites was determined to be



13,700 per cell. As determined by exchange assay, greater

quantities of estradiol were bound to the endometrial cyto-

plasmic receptor (P < 0.01) on days 0 and 3 (6.84 and 9.56

fmoles/pg DNA, respectively) than on days 6 and 10 (1.59

and 2.80 fmoles/pg DNA, respectively). Nuclear-bound

estradiol in endometrium averaged 1.09 ± 0.16 fmoles/pg DNA

throughout the cycle. The concentration of specific

nuclear-bound estradiol in endometrium from both uterine

horns following translocation was greater (P < 0.01) on

days 0 and 3 (3.03 and 3.75 fmoles/pg DNA, respectively)

than on days 6 and 10 (1.69 and 1.64 fmoles/pg DNA, res-

pectively). Nuclear-bound estradiol following transloca-

tion was greater in endometrium from the uterine horn

ipsilateral to the ovary with the corpus luteum than in

endometrium of the contralateral horn on day 10 only.

Incubation of endometrium and uterine arterial segments

from all ewes resulted in 77 ± 1% and 77 ± 5% of the

estradiol bound in vitro being localized within the nuclear

fractions, respectively. Estradiol in the nuclear fraction

of both uterine arteries following translocation was

greater (P < 0.01) on day 0 (0.35 ± 0.09 fmoles/pg DNA)

than on days, 3, 6 and 10 (overall mean, 0.11 ± 0.02 fmoles'

pg DNA). The concentration of nuclear-bound estradiol was

greater in uterine arteries ipsilateral to the corpus

luteum than in contralateral arteries on day 10 only.



The effect of estrogen and progesterone on concentra-

tions of estrogen receptor in endometrium of ovariectomized

ewes was examined. Steroid treatment of ewes (four per

group) for seven days was as follows: control (none),

estradiol-178(E2), progesterone (P4) and estradiol -178 and

progesterone (E2 + P4). Estradiol bound to cytoplasmic and

nuclear receptors was greater (P < 0.05) in endometrium of

E
2
-treated ewes (10.40 ± 7.27 and 0.23 ± 0.06 fmoles/ig

DNA, respectively) than in endometrium of control, P4- and

E
2

P
4
-treated ewes (1.62 ± 0.26 and 0.13 ± 0.02 fmoles/pg

DNA, respectively). The concentration of [3H] estradiol

specifically-bound in the cytoplasm and translocated to the

nucleus during incubation was greater (P = 0.06) in endo-

metrium of the E
2
-treated animals (1.85 ± 0.43 fmoles/pg

DNA) than in endometrium of the control, P4- and E2 + P4-

treated ewes (overall mean, 1.04 ± 0.19 fmoles/pg DNA).

Similarly, the concentration of estradiol bound in the

cytoplasm after in vitro translocation was greater in endo-

metrium of E
2
-treated ewes (0.49 ± 0.10 fmoles/pg DNA) than

in endometrium of the control, P4- and E2 + P4-treated

ewes (overall mean, 0.26 ± 0.06 fmoles/pg DNA).

These data suggest that progesterone antagonizes

estrogen binding in the uterus by decreasing the concentra-

tion of cytoplasmic estrogen receptor. The suppressive

role of progesterone does not appear to involve the inhibi-

tion of estrogen-receptor complex translocation to the



nucleus. Furthermore, it is proposed that uterine arteries

may possess cytoplasmic receptors for estrogen similar to

those present in endometrium.
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SOME ASPECTS OF THE MECHANISM OF ESTROGEN
ACTION ON THE UTERUS OF THE EWE

REVIEW OF LITERATURE

General Synopsis of Estrogen Action

The term "estrogen" traditionally has defined sub-

stances which induce cornification of murine vaginal epi-

thelium like that observed at natural estrus. In the years

subsequent to the initial isolation of estrogen (Doisy et

al., 1929), numerous other specific physiological responses

have been attributed to this class of hormones. These res-

ponses, in addition to the general development and main-

tenance of the secondary traits of feminine appearance and

behavior, are limited to a relatively small number of tar-

get tissues. In the following review only brief considera-

tion will be given to the gross physiological responses to

estrogen action pertaining to the biochemical mechanisms

whereby the hormones of this class elicit their specific

effects. In addition, the significance of these actions

will be discussed, with emphasis directed toward the role

of estrogen in modulating cellular proliferation.

The estrogenic hormones include at least eight

steroids of animal origin as well as numerous phytoestro-

gens and synthetic products of nonsteroidal structure

(Zarrow, 1969). Estradio1-176 and estrone are the most
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ubiquitous of the steroidal estrogens in terms of their

presence during normal mammalian reproductive states

(Hisaw, 1959). In addition, a third steroidal estrogen,

estriol, has been detected in relatively high concentra-

tions during gestation in the primate (Hisaw, 1959). In

general, estradiol is recognized as the most potent of

these three estrogens while estriol is the least potent

(Hisaw et al., 1954). However, it should be clarified that

the relative potencies of these steroids are dependent

upon specific factors such as dosage of the hormone (Hisaw,

1959) and the duration of the hormone molecule's residence

within the target cell (Gorski and Raker, 1974; Anderson

et al., 1975).

The first study to define the existence of specific

estrogen-responsive tissues was conducted by Glascock and

Hoekstra (1959). These investigators, upon administering

tritium-labeled estrogen to immature sheep and goats, ob-

served a selective binding of radioactive hormone by the

uterus, vagina and anterior pituitary. Shortly thereafter,

Jensen and Jacobson (1960) reported that in the immature

rat the uterus and vagina bound large concentrations of

estrogen. The binding of estrogen by muscle, liver and

kidney of the immature rat was by comparison quantita-

tively low and transient. These pioneering observations

have been corroborated by more recent investigations un-

equivocally establishing the uterus (Gorski et al., 1968;
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Jensen et al., 1968), hypothalamus (Korach and Muldoon,

1974a; Fox and Johnston, 1974), anterior pituitary (Korach

and Muldoon, 1974b; Wise et al., 1975), mammary gland

(Deshpande et al., 1967; Sander, 1968) and corpus luteum

(Scott and Rennie, 1971; Lee et al., 1971) as specific tar-
__

get tissues of estrogen action.

The stimulatory actions of estrogen on the uterus can

be categorized within the classification of early and late

effects. The early uterotropic effects of estrogen are

those typically manifested within six hours of estrogen

stimulation (Clark et al., 1973). The short term effects

include the synthesis of characteristic proteins. One of

these products, the estrogen-induced protein (IP), can be

detected in rat uterine cytosol as early as 30 minutes

after initial hormonal stimulation (DeAngelo and Gorski,

1970; Katzenellenbogen and Gorski, 1972). Synthesis of a

non-histone chromosomal protein of greater molecular weight

than the IP also has been detected in uterine cytosol one

to four hours after the onset of uterotropic stimulation

by estrogen (Cohen and Hamilton, 1975). In addition, the

early phase of estrogen action is characterized by the re-

lease of histamine (Spaziani and Szego, 1958). Perhaps

the two most readily recognized characteristics of the

early uterotropic effects of estrogen are water imbibition

(Astwood, 1938) and increased blood flow (Williams, 1948;

Greiss and Anderson, 1970). The increase in water content
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is maximal within six hours of stimulation (Astwood, 1938),

and is believed to result from an increase in uterine

capillary and venule permeability (Halkerston et al., 1960;

Martin et al., 1973b). The increase in uterine blood flow

which is observed following estrogen treatment has been

suggested to result from hormone-induced vasodilation of

uterine vasculature (Griss and Anderson, 1970). In

general, this early phase of estrogen action and its

associated uterotropic responses can be described as a

period during which the cell prepares for mitosis (Clark

et al., 1973). Although some of the cellular and tissue

responses observed during the first six hours of steroid

treatment may represent nothing more than maintenance func-

tions, the early effects of estrogen are generally con-

sidered requisite for the manifestation of true uterine

growth (Stormshak et al., 1976). The long-term or late

effects of estrogen on the uterus become demonstrable

during the time period six to 24 hours following hormonal

stimulation (Clark et al., 1973). During this period,

near maximal rates of protein synthesis have been observed

(Mueller, 1953). The increase in protein content of the

uterus is accompanied proportionately, albeit to a lesser

extent than during the early phase, by fluid imbibition

(Hisaw, 1959). Concomitant with the elevated rate of pro-

tein synthesis is a corresponding increase in uterine dry

weight which reaches a near-maximal level by 24 hours
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following estrogen administration (Astwood, 1939; Hisaw,

1959). The sum of these growth responses makes possible

the supportive role of the uterus in nidation and main-

tenance of the developing blastocyst.

The salient actions of estrogen on other target tis-

sues are individually unique for the respective tissues.

In the mammary gland, for example, estrogen induces growth

and proliferation of the duct system (Lyons et al., 1958).

Estrogen is involved in feedback modulation of gonadotropin

secretion by the anterior pituitary. Administration of

this steroid to ewes (Radford and Wallace, 1974) and

monkeys (Karsch et al., 1973b) results first in suppres-

sion of tonic luteinizing hormone secretion followed later

by stimulation of an acute or phasic secretion of this

gonadotropin. Evidence suggests that the initial negative

feedback action of estrogen is exerted on the anterior

pituitary (Negro-Vilar et al., 1973), while a direct

action of the steroid on the hypothalamus accounts for the

subsequent increased secretion of luteinizing hormone

(Legan and Karsch, 1974). The differential response of

the hypothalamo-hypophyseal axis to estrogen has been

demonstrated to be dependent upon both dosage and duration

of exposure of the respective target sites to the hormone

(Karsch et al., 1973b). In contrast to the effect of

estrogen on uterine protein synthesis, no significant

changes in pituitary protein concentration have been
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reported following treatment with this hormone (Robinson

and Leavitt, 1971). Administration of estrogen to female

rats, however, does increase total RNA content of the

pituitary when contrasted with that of control animals.

Regression of the primate corpus luteum has been achieved

during the normal menstrual cycle by administration of

estrogen (Karsch et al., 1973a). In the primate, unlike

the ewe (Stormshak et al., 1969; Hawk and Bolt, 1970), it

is suggested that estrogen exerts its effects directly on

the corpus luteum rather than eliciting its luteolytic res-

ponse via the uterus (McCracken, 1971; Knobil, 1973).

Incubation of ovine corpora lutea with estrogen results in

inhibition of progesterone synthesis (Akbar et al., 1972).

Although the functional significance of this latter in

vitro observation remains to be clarified, it is clearly

possible that binding of estrogen by this tissue may faci-

litate functional luteolysis in the ewe.

Mechanism of Estrogen Action

As first proposed by Mueller et al. (1958) and recent-

ly reviewed by Stormshak et al. (in press), the stimulatory

effects of estrogen on its target tissues are mediated by

the genome. The early observations of Jensen and Jacobson

(1962) further suggested that the effects of estrogen are

facilitated without a metabolic transformation of the

hormone. The mechanism(s) whereby estrogen molecules enter
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the target cell and, in an unaltered state, provoke a form

of expression characteristic to that cell type has been the

object of intense study during the past fifteen years.

Baulieu (1973) reported that entry of estrogen into

uterine cells is a protein-mediated process and not one of

simple diffusion. Steric blockage of sulfhydryl residues,

which are essential for the catalytic activity of certain

enzymes (Lehninger, 1970), can inhibit entry of estrogen

into uterine cells without affecting the binding of the

steroid by intracellular components (Baulieu, 1973). This

observation suggests the entry process to be enzyme-

mediated and localized strictly within the plasma membrane.

However, the possibility of a simple diffusion mechanism

cannot be refuted without further evidence (Gorski and

Gannon, 1976).

The fate of estrogen once incorporated into the cell

has been well reviewed (Jensen and DeSombre, 1973; O'Malley

and Means, 1974; Gorski and Gannon, 1976). Studies of the

subcellular distribution of labeled estrogen demonstrate

two sites of hormone binding within cells of the uterus

(Noteboom and Gorski, 1965) and other target tissues (Toft,

1973): the cytosol (105,000 x g supernatant fraction) and

the nucleus. The binding of the steroid within these frac-

tions is largely to proteins (Gorski et al., 1968) although

some of the hormone is reported to be partitioned into

lipid components of the cell (Williams and Gorski, 1971).
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Approximately 10-20% of this binding is non-specific

(Katzenellenbogen et al., 1973), while the remaining estro-

gen is specifically-bound by a macromolecular protein com-

ponent generally termed "estrogen receptor" (Gorski et al.,

1968; Jensen et al., 1968).

The Estrogen Receptor

Estrogen receptors have been isolated from low-

affinity binding components by use of sucrose gradient

ultracentrifugation, an analytical method for the deter-

mination of molecular sedimentation velocities (Toft and

Gorski, 1966). In addition, the ability of this procedure

to selectively distribute macromolecules by virtue of their

differing sedimentation rates has made possible a charac-

terization of the estrogen receptor. Two unique forms of

the receptor, one each for the cytoplasm and nucleus, have

been subsequently identified (Gorski et al., 1968; Jensen

et al., 1968). The cytoplasmic receptor appears as an 8 S

molecule in hypotonic (no KC1) sedimentation media (Erdos,

1968; Steggles and King, 1970), as a 6 S molecule in iso-

tonic (0.15 M KC1) media (Reti and Erdos, 1971; Chamness

and McGuire, 1972) and as a 5 S molecule when hypertonic

(0.3-0.4 M KC1) media are utilized (Jensen et al., 1969;

Brecher et al., 1970). The 8 S form may be an artifactual

aggregation of several proteins resulting from homogeniza-

tion of tissue in media with low concentrations of salt
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(Mueller et al., 1972). However, as discussed by Gorski

and Gannon (1976), certain physical characteristics of this

macromolecule lend credence to the possibility that it is

indeed the native form of the cytoplasmic receptor. In

contrast, Chamness and McGuire (1972) suggested the 6 S or

isotonic form to predominate in "living cytoplasm." How-

ever, Yamamoto and Alberts (1972) reported the isolation of

a 4 S molecule utilizing isotonic salt concentrations and

similar techniques. This discrepancy presently makes dif-

ficult an evaluation of the receptor form extracted from

tissue at physiological ionic strength. The most highly

characterized form of the cytoplasmic estrogen receptor is

the 4 S protein isolated in hypertonic media (Gorski and

Gannon, 1976). Briefly, this receptor form possesses a

molecular weight of approximately 76,000 daltons and can

be produced by the reversible dissocation of the 8 S

(hypotonic) molecule in hypertonic media (Jensen and

DeSombre, 1973; Notides and Nielson, 1974). On the basis

of these observations, Toft (1973) has suggested that the

8 S form may be an aggregation of as many as four 4 S sub-

units, although it remains unclear whether all four sub-

units are structurally similar and possess estrogen bind-

ing sites. The variance in these sucrose gradient sedimen-

tation data demonstrates the ability of minor variations

in experimental procedure to modify the form of the cyto-

plasmic receptor (Chamness and McGuire, 1972). Thus, as a
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result of this sensitivity to modifications in laboratory

conditions, a clear distinction between artifacts and

physiological forms of the cytoplasmic receptor remains to

be elucidated.

Estrogen, upon entering the target cell, is bound

rapidly and with great affinity by its cytoplasmic recep-

tor (Gorski et al., 1968; Jensen et al., 1968). The

affinity of this association reaction is characterized by

an equilibrium constant (Kd) of 10-9M to 1:3,-1°M (Gorski

et al., 1968) . Studies of the nature of th:'_s binding

mechanism provide no evidence for cooperativity and

strongly suggest that the cytoplasmic estrogen receptor

contains only one hormone binding site (Giannopoulos and

Gorski, 1971; Williams and Gorski, 1974). As a consequence

of the binding of estroyen, the cytoplasmic receptor urder-

goes spontaneous translocation to the nucleus (Gorski et

al., 1968; Jensen et al., 1968), a process in which the

depletion of cytoplasmic estrogen binding sites is accom-

panied by a reciprocal increase in nuclear binding sites

(Giannopoulos and Gorski, 1971). The resulting nuclear

form of the receptor is a 5 S molecule and probably an

aggregate of the cytoplasmic receptor and a presently-

unidentified protein (Jensen and DeSombre, 1973; Notides

and Nielson, 1974). Whether the transformation of the

cytoplasmic receptor into this nuclear form is requisite

for, or resultant of the translocation process remains open

to further investigation (Gorski and Gannon, 1976).
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Crucial to an understanding of the mechanism of estro-

gen action is a description of the receptor translocation

process. A lucid discussion of this subject has been pre-

sented by Gorski and Gannon (1976) and, therefore, only the

most salient aspects of this mechanism will be discussed

herein. While the concept of estrogen receptor transloca-

tion is not disputed, little is actually known about the

process itself. The translocation mechanism does not

appear to be coupled directly to an energy utilizing pro-

cess or be dependent upon protein synthesis (Shyamala and

Gorski, 1969). Further, transport of the steroid-receptor

complex from the cytoplasm to the nucleus does not involve

microtubule systems (Gorski and Raker, 1973). This

apparent independence of other cellular functions suggests

that translocation may be the result of an allosteric inter-

action of the estrogen molecule with the cytoplasmic recep-

tor (loft, 1973). Activation of the protein receptor in

such a manner may facilitate binding of the complex by

specific nuclear components. This in turn might serve as

the ultimate driving force of translocation by creating a

steroid-receptor complex gradient between the cytoplasmic

and nuclear compartments of the cell (Gorski and Gannon,

1976) .
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Interaction of the Estrogen-Receptor Complex

with Target Cell Nuclei

Whatever subtleties the actual translocation mechanism

might involve, the estrogen-receptor complex, once local-

ized within the nucleus, becomes associated with chromatin.

At present it is believed that the interaction of the

steroid-receptor unit with chromatin occurs at specific

"acceptor sites" (O'Malley and Means, 1974). Studies of

the qualitative characteristics of acceptor regions have

demonstrated them to reside within the acidic protein frac-

tion of target cell chromatin and not within DNA or histone

fractions (Chamness et al., 1974; O'Malley and Means, 1974).

The quantitative aspects of steroid-receptor complex bind-

ing to acceptor sites, despite extensive research, are less

clearly understood. Chamness et al. (1974) reported the

binding of estrogen receptor to isolated nuclei to be a

non-saturable process and suggested the existence of large

numbers of low-affinity acceptor sites. Results of a simi-

lar study, however, have demonstrated the long-term reten-

tion of estrogen-bound receptor in the nucleus to involve

relatively few (1,000 to 3,000) high-affinity (Ka approxi-

mately equal to 10
-9M) acceptor sites (Clark and Peck,

1976). Although these inconsistencies are partially

reconciled by observations demonstrating the existence of

both low- and high-affinity chromatin binding sites, with

the former being present in excess (Yamamoto and Alberts,
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1974), further investigations are required to reveal the

exact nature of the association between estrogen-bound

receptor and its chromosomal acceptor. Some investigators

have speculated that
steroid-activated receptors act as

molecular inducers (O'Malley and Means, 1974; Gorski and

Gannon, 1976). Interaction of such inducer units with

specific promoter (acceptor) sites in chromatin may trigger

the gene activation mechanism of mammals in much the same

manner as that first described for prokaryote systems

(Jacob and Monod, 1961).

In the uterus, the earliest manifestation of the modu-

lation of gene expression by estrogen is the initiation of

transcription (Barker and Warren, 1966a; Teng and Hamilton,

1968). Specifically, chromatin is activated in such a man-

ner that it readily serves as a template for DNA-dependent

RNA polymerase, thus explaining the increase in RNA poly-

merase activity which follows estrogen administration

(O'Malley and Means, 1974). Subsequent to this action is

the sequential synthesis of ribosomal RNA, transfer RNA and

messenger RNA, respectively (Hamilton et al., 1968;

Billing et al., 1969). Associated with increased RNA

synthesis, and paralleling an increase in ribosome numbers,

is a marked increase in the synthesis of protein (Noteboom

and Gorski, 1963; Whelly and Barker, 1974). In addition to

a stimulation of protein synthesis, estrogen administration

increases the rate of carbohydrate oxidation (Barker and



14

Warren, 1966b) and lipid synthesis (Mueller et al., 1972).

Characteristic of the prereplicative phase of target cell

activity, these initial biosynthetic responses not only

allow for cellular repair and hypertrophy, but are neces-

sary to prepare the cell for mitosis (Epifanova, 1966;

Martin et al., 1973a).

The involvement of estrogen in the regulation of cell

division has been recognized for several years (Hisaw and

Hisaw, 1961). Epifanova (1966), utilizing autoradiographic

methods, reported an increase in DNA synthesis by mouse

uterine epithelium following estrogen administration. The

duration of the cell cycle in this tissue was shown to be

reduced 1.5-fold. Recently, Harris (1976) determined this

increase in cellular proliferation to be the consequence

of estrogen stimulation of DNA-dependent DNA polymerase,

the enzyme required for replication. This stimulation of

replication is believed to be the ultimate step in the

sequence of events comprising estrogen-induced growth and

cellular division.

Studies of estrogen secretory patterns in the labora-

tory rat (Butcher et al., 1975), domestic animals (Hansel

et al., 1973) and the primate (Hotchkiss et al., 1971)

demonstrate serum concentrations of this steroid to be

elevated for one to as many as four days while DNA synthe-

sis is maximal within 24 hours of estrogen stimulation

(Clark et al., 1973). This observation leads to a
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questioning of the biological significance of a prolonged

endogenous secretion of estrogen, particularly in view of

the "domino" theory which suggests that the late effects

of estrogen are the result of a cascade phenomenon

triggered initially by the early responses (Gorski and

Raker, 1974). This domino hypothesis has been opposed by

the "sustained-output" model which contends that the con-

tinued presence of estrogen within the nucleus is required

for the manifestation of the late responses (Gorski and

Raker, 1974). Recent experimental results support the

sustained output theory and contradict the validity of the

domino model. Such studies have been based upon a compari-

son of the biochemical-physiological actions elicited by

estradiol and estriol, a less potent estrogen. Estriol is

equivalent to estradiol in eliciting the early responses

such as glucose oxidation and water imbibition, but is

unable to stimulate the late responses such as actual tis-

sue growth (Clark et al., 1973). Further studies have

demonstrated that the concentration of nuclear-bound

estriol-receptor complex returns to control levels within

six hours of hormonal stimulation whereas the nuclear con-

centration of estradiol-receptor complex remains elevated

for at least 12 hours (Clark et al., 1973). The conclusion

derived from these observations is that the potency of

various estrogens is correlated to their duration of resi-

dence within the nucleus (Gorski and Raker, 1974; Anderson
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et al., 1975). In short, attainment of a maximal biologi-

cal response to estrogen stimulation requires the sus-

tained presence of the steroid-receptor complex in the

target cell nucleus.

Antagonism of Estrogen Action

There appears to be a limit to the time course of

estrogen stimulation. Stormshak et al. (1976) recently

reported that exposure of rat uteri to estrogen for three

days results in the target cells becoming "refractory" to

the stimulatory effects of the steroid. Normal transloca-

tion of the receptor occurs during this period of recalci-

trance to estrogen stimulation and demonstrates that the

observed refractoriness is not a consequence of metabolic

suppression of the translocation mechanism. Rather, it

was suggested that following a period of prolonged exposure

to estrogen, the cell might produce an inhibitory substance,

possibly a chalone, which would suppress the replicatory

process (Stormshak et al., 1976). As reviewed by Lerner

(1964), nutritional deprivation and competition by other

tissues for substrates required for estrogen-stimulated

metabolic processes also effectively suppress estrogenic

activity. For example, the presence of rapidly growing

tumors decrease significantly the growth response of mouse

uteri following estrogen administration (Lerner, 1964).
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Suppression of estrogen-induced phenomena can also be

produced by certain non-steroidal compounds such as clomi-

phene and nafoxidine. These "antiestrogens," as they are

commonly termed, by virtue of their structural similari-

ties to non-steroidal estrogens, act in part via competitive

inhibition to reduce the binding of the steroid by its

receptor (Lerner, 1964). Furthermore, nafoxidine has been

demonstrated to deplete the concentration of cytoplasmic

estrogen receptor as a result of a suppression of receptor

synthesis (Clark et al., 1974; Katzenellenbogen and Fergu-

son, 1975) .

Among the most widely reported estrogen antagonists

are androgens, corticosteroids and progestins, all of

which have been demonstrated to inhibit estrogen-induced

cellular proliferation (Lerner, 1964). Recent studies of

the progestin-induced antagonism suggest that this class

of steroids acts to inhibit the synthesis of the cyto-

plasmic estrogen receptor, a mechanism of action similar

to that of nafoxidine (Hsueh et al., 1976; West et al.,

1976) .

Although elegantly conducted, most of the previously-

discussed experiments have utilized the laboratory rat as

a model animal. For purposes of deriving a more comprehen-

sive understanding of the mechanism of action of estrogen,

however, the study of such mechanisms in a broader spectrum

of animal species is necessary. This requirement for basic
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knowledge, in addition to the demand for information con-

cerning the metabolism of estrogens in livestock, served

as the principle impetus for the following series of in-

vestigations.
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STATEMENT OF THE PROBLEM

Estrogens have long been recognized as potent agents

for the stimulation of target tissue growth. In this re-

gard, considerable attention has been focused on the more

than casual relationship existing between the mechanisms of

estrogen action and the pathogenesis of cancer of the

female reproductive tract and breast. This observation

warrants our interest both as a result of continued use of

estrogen in clinical medicine as well as the imminent pro-

hibition of its use as a livestock feed additive.

One of the principle associations of estrogen with

carcinogenesis originated subsequent to reports of a highly

significant incidence of vaginal adenocarcinoma in daugh-

ters of women who had received diethylstilbestrol treat-

ments for the prevention of miscarriage (Hertz, 1976;

Jukes, 1976). Although doses of this synthetic estrogen

generally far exceeded the concentrations of endogenously-

secreted estrogen, this finding, in conjunction with ob-

servations of the amelioration of breast cancer following

endocrine ablation (DeSombre et al., 1976), suggests a pro-

minent role of estrogen in the stimulation of tumor growth,

Paradoxically, massive doses of estrogen can produce

occasional remissions in women with breast cancer. Thus,

a thorough understanding of the metabolic intricacies in

the regulation of estrogen-linked growth might hasten the
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provision of effective pharmacologic treatments for this

malady. Furthermore, an elucidation of the mechanism of

action of estrogen in domestic animals might be of particu-

lar benefit to beef producers presently dependent upon the

use of diethylstilbestrol as a component of finishing

rations. Use of estrogen in beef cattle feeding is based

upon the somewhat unique ability of this hormone to stimu-

late general somatic growth in addition to specific target

tissue proliferation in this species. However, with the

advent of federal legislation prohibiting the usage of

carcinogens in rations of animals consumed by man, it would

be desirable to be capable of synthesizing substances

possessing the growth-promoting abilities of estrogen but

lacking the carcinogenic effects of the hormone. Synthesis

of such a replacement product depends ultimately on an

understanding of the biochemical means whereby estrogen

elicits its characteristic proliferative responses.

The experiments which follow were conducted for the

prupose of determining the biochemical characteristics

affecting estrogen-estrogen receptor interactions in the

ewe, a model experimental animal for physiological experi-

ments of this type. The antagonism of estrogen action by

progesterone, a naturally-occurring ovarian steroid, was

also investigated.
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EXPERIMENT I: NUCLEAR AND CYTOPLASMIC ESTROGEN

RECEPTORS IN OVINE ENDOMETRIUM DURING
THE ESTROUS CYCLE

Introduction

The mechanism of action of estrogen, as first eluci-

dated utilizing the rat uterus as a model, was found to

involve the binding of the steroid to a specific cytoplas-

mic receptor followed by translocation of the estrogen-

receptor complex to the nucleus (Gorski et al., 1968;

Jensen et al., 1968). A number of studies were subsequent-
__

ly conducted to determine the concentration of uterine

cytoplasmic estrogen receptor during various stages of the

estrous cycle of the rat (Lee and Jacobson, 1971; Ginsburg

et al., 1975; Feherty et al., 1970; Shain and Barnea,1971).

The concentration of cytoplasmic receptors in this species

was observed to vary during the cycle but was generally

lowest during metestrus and highest during proestrus. In

species such as the primate and the cow with a compara-

tively long menstrual and estrous cycle, respectively, the

concentration of uterine cytoplasmic estrogen receptor has

been reported to decrease during the luteal phase (Trams

et al., 1973; Gurpide and Tseng, 1974; Senior, 1975). In

all of the studies cited, however, research has focused

primarily on the binding of estradiol to unfilled cyto-

plasmic estrogen binding sites rather than examining both
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filled and unfilled cytoplasmic and nuclear sites in the

uterus.

The estrous cycle of the ewe is similar to that of the

cow and is characterized by a long luteal phase. Studies

have demonstrated that regression of the corpus luteum in

the non-pregnant ewe requires the presence of the uterine

horn adjacent to the ovary bearing the corpus luteum

(Inskeep and Butcher, 1966). Furthermore, exogenous

estradiol induces premature luteal regression in ewes when

administered during the mid-luteal phase but not during the

early stages of the estrous cycle (Stormshak et al., 1969;

Hawk and Bolt, 1970). Consequently, the luteolytic role

of the uterine horn and the paradoxical effects of exogen-

ous estrogen in regulating luteal lifespan may be related

to the concentration of available uterine cytoplasmic

estrogen receptor.

The present study was conducted to determine the in-

fluence of the stage of the estrous cycle on specific

estradiol binding to total cytoplasmic and nuclear recep-

tors, as well as the translocation of cytoplasmic receptor

to the nucleus following the incubation of endometrium

with estradiol. In addition, the influence of the ovary

bearing the corpus luteum on the concentration of available

endometrial estrogen receptor was studied.
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Twenty 3-year-old crossbred ewes exhibiting three con-

secutive estrous cycles averaging 16.2 ± 0.2 (SE) days in

duration were used. Estrous behavior was monitored twice

daily (0800 and 1700 h) by use of vasectomized rams with

the first day of detected estrus designated as day 0 of the

estrous cycle. Ewes were assigned randomly in equal num-

bers to be necropsied at the following stages of the cycle-

days 0 (estrus), 3, 6 and 10. Immediately prior to

necropsy, a 20 ml jugular venous blood sample was collected

for subsequent determination of serum progesterone and

estradio1-178.

In addition, six ewes were ovariectomized at least

five weeks prior to the onset of this study. Three

ovariectomized ewes were utilized to determine the dis-

sociation constant (Kd) of the endometrial estrogen recep-

tor and the concentration of available estrogen binding

sites per cell in ovine endometrium. The remaining three

ewes were used to determine tissue specificity of the

estrogen receptor and the affinity of the endometrial

estrogen receptor for selected steroids.

All intact, cyclic ewes, with the exception of two

ewes in estrus, had ovulated unilaterally as determined

at the time of necropsy. The uterine horns were identified
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with respect to their positions relative to the ovary bear-

ing the corpus luteum ("ipsilateral" and "contralateral"),

excised, placed on ice, and transpc:ite tc the laboratory

within 20 rin of sacrifice. Tissue 'and 'suffer solutions

were maintained at 0-4 C unless otherwise indicated. The

uteri were split longitudinally and the encl,ometrium of each

horn dissected from the myometrium. Arbitrarily, only the

endometrium from the rici.file region of the uterine horn was

utilized to preclude an:: var_ation arising as a result of

possible regional differences in estrogen receptor concen-

trations. Once freely isolated from the myometrium,

further dissection of the endometrum was carried out in

0.15 M NaC1 to remove caruncles which were discarded.

Determination of Specific Cytoplasmic Bindinct
Ta-1-3H]estradiol and Ttanslocation of the Estrogen

Receptor Complex to the Nucleus

Three milliliters of Eagle's HeLa medium (Difco) and

54.1 ± 0.2 mg (mean ± SE) aliquots of intercaruncular endo-

metrium from each uterine horn of each ewe were added to

eight flasks. To determine total binding (6,7-3H]estradiol-

178 (48 Ci/mmole, New England Nuclear) was added to four

flasks resulting in a final concentration of: 1 x 10
-9

M,

1 x 10
-8M, 2 x 10

-8M or 4 x 10
-8

M. To determine non-

specific binding (NSB), appropriate concentrations of [3 H]

estradiol plus respective 100-fold excesses of diethyl-

stilbestrol (Sigma; 1 x 10
-7M, 1 a 10

-6M, 2 x 10
-6M or
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4 x 10-6M) were added to the remaining four flasks. Tis-

sue was incubated for 0, 30, 60 or 120 min in an atmos-

phere of 95% 0
2

5% CO
2
at 39 C (body temperature of the

ewe). These four incubation periods and the four previous-

ly discussed concentrations of [3H]estradiol or [

3Hiestra-

diol plus diethylstilbestrol (DES) were only initially in-

corporated into the study for the purpose of determining

the optimal incubation time and saturating concentration

of estradiol, respectively. Once these parameters were

characterized, only the optimal incubation time (60 min)

and concentration of labeled steroid (2 x 10
-8M) were used.

Immediately following incubation the tissues were rinsed

3 times in 0.15 M NaCl and individually homogenized in all-

glass tissue grinders containing 1.0 ml 0.01 M Tris-0.0015

M Na
2
EDTA, pH 7.4 at 25 C (TE buffer) and DES in 100-fold

excess of the labeled estradiol with which the tissue was

incubated. Homogenization generally consisted of 30

strokes with intermittent cooling. The resulting homo-

genate was decanted into a centrifuge tube, the tissue

grinder rinsed with 1.0 ml TE buffer and this rinse also

added to the tube. Homogenates were then centrifuged for

10 min at 800 x g to yield a nuclear pellet and low speed

supernatant. Supernatants were decanted into appropriately

labeled tubes and the nuclear pellets washed an additional

3 times in 2.0 ml of TE buffer, each wash followed by

centrifugation (800 x g x 10 min). The washed nuclear
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pellets were extracted in 2.0 ml absolute ethanol for 16 h

at room temperature to determine bound [3I ] estradiol. Fol-

lowing this extraction the samples were vortexed, centri-

fuged at 800 x g for 10 min, and the supernatants decanted

into scintillation vials. Specific cytoplasmic binding of

estradiol following incubation was determined by treating

1.0 ml aliquots of the low speed supernatant with 0.5 ml

hydroxylapatite (Bio-Rad) in 0.05 M Tris-HC1-0.001 M

KH2PO4, pH 7.2 for 1 hour. The hydroxylapatite-adsorbed

samples were then washed 3 times in 2.0 ml of 0.05 M Tris-

HC1, pH 7.3 with each wash followed by centrifugation at

800 x g for 2 min. The washed hydroxyl apatite containing

the cytoplasmic estrogen receptor was subjected to an over-

night extraction in 2.0 ml absolute ethanol at room tempera-

ture, vortexed and centrifuged (800 x g x 2 min), and the

supernatant decanted into scintillation vials. The ethanol

extracts of nuclear and cytoplasmic fractions were counted

in 10.0 ml scintillation fluid (0.7% 2,5-diphenyloxazole in

toluene: Triton X-100, 2:1 vol/vol) at 34% counting effi-

ciency.

Specific binding of [

3H]estradiol to the nuclear and

cytoplasmic receptors of each sample was determined by dif-

ference between total binding (samples incubated with

labeled estradiol) and NSB (samples incubated with labeled

estradiol and a 100-fold excess of DES). The percentage

of specifically-bound estradiol translocated to the
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nucleus during incubation was determined by dividing the

concentration of specifically-bound nuclear [3H]estradiol

by the total concentration of [
3H]estradiol specifically-

bound to both the nuclear and cytoplasmic receptors.

Determination of Nuclear and Cytoplasmic Binding

Sites by [iH]estradiol Exchange Assay

Aliquots of intercaruncular endometrium from the

ipsilateral uterine horn (249 ± 3 mg) were subjected to

the exchange assay as reported by Anderson et al. (1972)

with slight modification. Following homogenization of

endometrium with 1.0 ml of TE buffer and centrifugation at

800 x 2, the resulting nuclear pellet was resuspended in

TE buffer to a concentration equivalent to 50 mg endo-

metrium/milliliter. The saturating concentration of estra-

diol used for the exchange assay was determined by incubat-

ing duplicate 50 mg equivalents of endometrium with incre-

mental concentrations of [

3H]estradiol (1 x 10
-9M, 1 x

10
-8M, 2 x 10

-8M or 4 x 10-8m) or with labeled estradiol

and respective 100-fold excesses of DES. Again, once this

was determined, subsequent samples were incubated only

with the optimal concentration of [3H]estradiol (2 x 10-8M)

Nuclear exchange was carried out in centrifuge tubes for

30 min at 39 C. Following the exchange period, the tubes

were cooled on ice for 10 min and centrifuged. The remain-

ing pellet was washed 3 times in 2.0 ml TE buffer with

centrifugation (800 x g) after each wash. The pellet was
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then subjected to extraction with 2.0 ml absolute ethanol

for 16 hours. Following extraction, the pellet was vor-

texed and centrifuged, and the supernatants were decanted

into scintillation vials for counting.

Exchange assay of cytoplasmic receptors was conducted

on the low-speed supernatant of the endometrial homogenate.

The supernatant was first subjected to dextran-charcoal

adsorption (0.1 ml, 0.5%:5% vol/vol, 10 min) to remove any

free ligand which might be present. The volume of this

ligand-free supernatant was then adjusted to a concentra-

tion equivalent to 50 mg endometrium/milliliter. The same

concentrations of [3H]estradiol and [

3H]estradiol plus DES

used for nuclear exchange were added to 50 mg equivalents

of cytoplasmic supernatant and exchange conducted for 24 hr

at 25 C. Following this equilibration, the samples were

iced and specifically-bound [
3H]estradiol determined by

hydroxylapatite adsorption and extraction with absolute

ethanol. As previously described (Katzenellenbogen, 1975),

this method estimates the total estradiol binding sites

prior to translocation of the estrogen receptor complex dur-

ing incubation as described above.

Specificity of Binding Sites

Specificity of ovine endometrial binding sites for

estrogen was determined by incubating 50 mg aliquots of

tissue in 3.0 ml of Eagle's HeLa medium with 1 x 10
-8M
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[3H]estradiol and a 100-fold excess of the following respec-

tive hormones: DES, unlabeled estradiol -17$, estrone, pro-

gesterone, testosterone or corticosterone. Tissue specifi-

city for estradiol binding was determined by incubating

duplicate 50 mg aliquots of endometrium, diaphragm or liver

in 3.0 ml of Eagle's HeLa medium with 1 x 10
-8M [

3H]estra-

diol or 1 x 10
-8M [3H]estradiol plus a 100-fold excess of

DES.

Determination of DNA

The DNA content of endometrium from both the ipsi-

lateral and contralateral uterine horns of all ewes was

quantified by use of the method of Burton (1956).

Steroid Hormone Assays

Radioimmunossay (RIA) of progesterone was a modifica-

tion of a procedure previously in use (Koligian and

Stormshak, 1976). In contrast with the previous methodology,

200 pl 0.1% gelatin in phosphate-buffered saline was not

added to assay tubes prior to the addition of dextran-coated

charcoal. The ovine antiserum was prepared against pro-

gesterone-11a-succinyl bovine serum albumin.1 Specificity

of the antiserum with selected steroids was determined in

1Antiserum for the determination of progesterone was pro-

vided by Dr. G. D. Niswender, Colorado State University,

Fort Collins, Colorado.
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our laboratory using a 1000-fold dilution in 0.1% gelatin.

No appreciable cross-reaction with other steroids of

physiological significance was observed (Table 1). With

respect to sensitivity, 10 pg progesterone/tube were con-

sistently distinguishable from 0 pg (P < 0.001, N = 10).

Table 1. Cross-reaction of selected steroids with pro-
gesterone antiserum.

Steroid*

% Cross-
reaction

Progesterone 100.0

Pregnenolone 3.7

20a-hydroxypregn-4-en-3-one 1.5

20a-hydroxypregn-4-en-3-one 1.0

Testosterone 0.8

Corticosterone 1.8

Estradio1-17a 36.0**

* All selected steroids were included in Llie assay at con-
centrations equivalent to 20 ng/ml with the exception of
estradio1-17a, which was assayed at an equivalent concen-

tration of 10 ng/ml.

** Specificity of the antiserum for estradiol -173 was
negligible at physiological concentra'aons of this

steroid.

Similarly, water blanks averaged 8 2 pg/tube (N = 5) a d

were also different from 0 pg (P < 0.05). Measurements

obtained by this procedure in independent assays (N = 5) of

a pooled serum from ovariectomized ewes averaged 0.25 ± 0.04

ng/ml. The inter-assay precision and accuracy of the method

were evaluated by adding 0.25 (N = 5), 0.50 (N = 5), 1.00
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(N = 5), 2.00 (N = 5), 5.00 (N = 5) and 10.00 (N = 4) ng

progesterone to this serum pool on a ng/ml basis. These

standard sera were assayed and the progesterone concentra-

tions of the serum pool subtracted. The resulting pro-

gesterone concentrations were 0.25 ± 0.02, 0.44 ± 0.02,

0.98 ± 0.06, 2.02 ± 0.07, 5.12 ± 0.14 and 10.13 ± 0.35 ng/

ml, respectively. Within-assay variability was determined

from replicates (N = 10) of a serum pool from luteal phase

ewes. The resulting value was 1.83 ± 0.03 ng/ml (coeffi-

cient of variation = 4.6%).

The RIA procedure of Wu and Lundy (1971) was modified

to allow a more sensitive determination of estradiol in

ovine serum. Three thousand dpm [2,4,6,7-
3H]estradio1-178

(114 Ci/mmole, New England Nuclear) were added to 2.0 ml

serum to facilitate the determination of procedural losses.

The samples were extracted 2 times with 3 volumes of double-

distilled benzene and the final benzene extract washed twice

with one-tenth volume deionized water to further remove any

water-soluble contaminants. Following each extraction an

aqueous-organic solvent phase separation was achieved by

centrifugation at 500 x g for 10 min and the organic solvent

removed by aspiration. Column chromatography of the ex-

tracts was as described by Wu and Lundy (1971). The 1.0 ml

eluate fraction containing estradiol was partitioned into

0.9 ml and 0.1 ml fractions. The efficiency of the extrac-

tion and chromatography procedures, as determined by the
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recovery of radioactive estradiol in the 0.1 ml fraction,

averaged 71% in at least four assays. The 0.9 ml fraction

was evaporated to dryness and subjected to RIA. To ensure

that the extraction solvent, benzene, and the characteris-

tics of the Sephadex LH-20 microcolumns possessed the re-

quired selectivity and eluted estradiol in the specific

fraction collected, estradiol-17 and estrone were added to

serum, solvent-extracted, chromatographed and assayed with

the antiserum for total estrogens. All of the added

estradiol -17$ and a lesser amount of estrone were recovered

in the appropriate eluate fraction. Although cross- reactioxs

of the antiserum with estrone is high (Wu and Lundy, 1971),

Moore et al. (1969) have demonstrated estrone to comprise

only one-tenth of the serum estrogens in the ewe. Based

upon this observation, the measurable concentrations of

estrone in the sera of our experimental animals are below

the limits of assay sensitivity and, therefore, not con-

sidered to be of relative importance. Two sets of standard

tubes containing 0, 2, 5, 10, 20, 30, 50, 75, 100 and 150

pg estradiol were included in each assay. The standards

and unknowns were treated similarly. The antiserum, pre-

pared by immunizing sheep with estradio1-17-succinyl-

bovine serum albumin,2 has been demonstrated to cross-react

2Antiserum for the determination of estradiol-176 was pro-

vided by Dr. B. V. Caldwell, Yale University, New Haven,

Connecticut.
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only with phenolic steroids (Wu and Lundy, 1971). The anti-

serum (diluted 1:16,000 with 0.1% gelatin) and [3H]estradiol

(10,000 dpm) were added to assay tubes each in a volume of

100 microliters. Following a 2 h incubation at 4 C, the

separation of free and antiserum-bound estradiol was accom-

plished by the addition of 1.0 ml dextran-coated charcoal

suspension. A 0.7 ml aliquot of the supernatant was counted

in 7.0 ml of the previously described scintillation fluid

at 45% counting efficiency.

The inter-assay precision and the accuracy of the

estradiol RIA were determined by adding incremental amounts

of estradiol (2.5, 5.0, 10.0, 15.0, 25.0 and 75.0 pg, N = 4)

on a pg/ml basis to a serum pool obtained from anestrous

ewes (1.6 ± 0.1 pg/ml, N = 4). After RIA and the subtrac-

tion of the estradiol concentrations of the pooled serum,

the following values were derived: 3.0 ± 0.3, 4.6 ± 0.2,

8.7 ± 1.2, 14.4 ± 1.2, 26.2 ± 2.4 and 71.4 ± 0.6 pg/ml,

respectively. Sensitivity was determined to be approxi-

mately 2 pg/milliliter. Solvent blanks from independent

assays (N = 4) averaged 0.8 ± 0.1 pg/tube. The 2 pg stan-

dard was uniformly greater than 0 pg (P < 0.001, N = 10)

and the net concentration of estradiol recovered when 2.5

pg were added per ml of the pooled serum was greater than

the mean estradiol concentration of the pooled serum

(P < 0.05, N = 4).
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Data were analyzed statistically by use of analysis of

variance.

Results

Effects of Incubation Time and r

3Hlestradiol Concentration
on Nuclear-Bound 1-5H1estradiol

The relative patterns of non-specific, total and

specific nuclear-bound [3H]estradiol as a function of the

concentration of steroid in the incubation medium are

depicted in Figure 1A. These data suggest that concentra-

tions of [3H]estradiol of 1 x 10-8M to 2 x 10-8M in the

incubation medium saturate the estrogen receptors in 50 mg

of endometrium. A similar saturation curve was derived

from incubations of endometrium from three ovariectomized

ewes utilizing concentrations of (

3H]estradiol ranging from

1 x 10
-9M to 2 x 10

-8M, and is represented in Figure 1B

according to the methodology of Scatchard (1949). Utiliz-

ing this procedure, the dissocation constant (Kd) for the

estradiol-receptor complex and the concentration of nuclear

binding sites following incubation were determined to be

8.30 nM and 13,700 sites per cell, respectively. The re-

sults of the time-course study (Figure 2) demonstrate that

translocation of the cytoplasmic estradiol-receptor complex

to the nucleus required at least 1 h of incubation when

utilizing saturating concentrations of [

3
H]estradiol. When

incubation of tissues with greater than the minimal
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Figure 1. Effect of concentration of [3H]estradiol in the
incubation medium on specific nuclear-bound [3H]-

estradiol in endometrium of estrous ewes (A).

Scatchard plot analysis of specifically-bound
[3H]estradiol (fmoles x 10-1) in endometrial nuc-
lei of ovariectomized ewes (B). Tissue samples
from each of three ewes were incubated in dupli-
cate with each concentration of [3H]estradiol.
Each point represents the mean of three ewes.
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Figure 2. Effect of incubation time at 39 C on nuclear-

bound [3H]estradiol. Tissue samples from each of
three ewes were incubated in duplicate with each

concentration of [3]estradiol for each of the four

time periods. Each point represents the mean of

three ewes.
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saturating amount of [

3H]estradiol exceeded 1 h, a decline

in nuclear-bound estradiol occurred.

Changes in Specific Binding of [

3H]estradiol by
Endometrium During the Estrous Cycle as Determined
by Exchange Assay and Following in vitro translocation

The total nuclear and cytoplasmic specific binding of

[
3H]estradiol during the estrous cycle as determined by ex-

change assay is depicted in Figures 3A and 3B. Nuclear-

bound estradiol averaged 1.2 fmoles/pg DNA on days 0, 3 and

6, however, declined to 0.64 fmoles/pg DNA on day 10.

Total estradiol bound by the cytoplasmic receptor was

greater (P < 0.01) on days 0 and 3 (6.84 and 9.56 fmoles/pg

DNA, respectively) than on days 6 and 10 (1.59 and 2.80

fmoles/pg DNA, respectively).

An average of 77 ± 1% of the [

3H]estradiol bound to

the available cytoplasmic receptor was translocated to the

nucleus during incubation of endometrium removed from ewes

on each of days 0, 3, 6 and 10 of the estrous cycle. As

shown in Figure 4, the concentration of specifically-bound

nuclear [3H]estradiol in the endometrium from both uterine

horns following translocation was greater (P < 0.01) on

days 0 and 3 (3.03 and 3.75 fmoles/pg DNA, respectively)

than on days 6 and 10 (1.69 and 1.64 fmoles/pg DNA, res-

pectively). Nuclear-bound [
3H]estradiol in endometrium

fl-rm the uterine horn ipsilateral to the v ry with the

corpus luteum did not differ
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Figure 3. Binding of [3H]estradiol to total nuclear (A) and
cytoplasmic (B) receptors in endometrium during
the estrous cycle as determined by exchange assay.
Cytoplasmic binding of [3H]estradiol on days 0 and
3 vs. days 6 and 10, P < 0.01. Tissue samples
from each of five ewes were assayed in duplicate
on each day of the cycle except day 10 (A) and

days 6 and 10 (B) in which tissue samples from
each of only four ewes were assayed. Samples from
the remaining ewe in each of these groups were
lost. Each bar represents the mean ± SE.
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Figure 4. Specific nuclear-bound [

3H]estradiol following
incubation of endometrium from uterine horns
ipsilateral and contralateral to the ovary bearing

the corpus luteum during the estrous cycle. Bound

[3H]estradiol in endometrium from both uterine
horns on days 0 and 3 vs. days 6 and 10, P < 0.01.

Bound [3H]estradiol on day 10: ipsilateral horn

vs. contralateral horn, P < 0.05. Tissue samples

from each uterine horn were assayed in duplicate

from each of five animals on days 3, 6 and 10 of

the cycle, respectively. Tissue samples from each

of only three day 0 (estrus) ewes were assayed

since only three of the five ewes in this group

had ovulated unilaterally during the previous

estrous cycle. Each bar represents the mean ± SE.
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significantly from that in endometrium from the contra-

lateral horn on days 3 and 6 but was significantly greater

in the ipsilateral horn on day 10. The mean concentrations

of nuclear-bound [
3H]estradiol in the ipsilateral and con-

tralateral horns on day 10 were 1.84 ± 0.26 and 1.43 ± 0.18

fmoles/pg DNA, respectively. Estrous ewes were not in-

cluded in the ipsilateral-contralateral comparison since

the observation of regressed corpora lutea at the time of

necropsy demonstrated that only three of the five animals

in this group had ovulated unilaterally during the previous

cycle.

The concentration of specifically-bound [3H]estradiol

in the cytoplasm following incubation of endometrium on

days 0, 3, 6 and 10 was 0.96 ± 0.14, 1.24 ± 0.30, 0.57 ±

0.10 and 0.44 ± 0.08 fmoles/pg DNA, respectively. The de-

crease in cytoplasmic estradiol-receptor complex following

incubation of luteal phase tissue, although not significant,

paralleled the changes of nuclear-bound estradiol and serves

to explain why the percentage of translocation was similar

at each stage of the estrous cycle studied.

Tissue Specificity and Receptor Affinity for.
Selected Steroids

Nuclear uptake of estradiol by the endometrium during

incubation is approximately twenty-fold greater than that

observed in either the liver or the diaphragm (Figure 5A).

The results of competition by selected steroids with
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Figure 5. Comparative nuclear binding of [3H]estradiol to
endometrium, liver and diaphragm following incuba-
tion with 1 x 10-8M [3H]estradiol or labeled estra-
diol and a 100-fold excess of DES (A). Results of

competition by diethylstilbestrol (DES), estradiol

(E2), estrone (El), progesterone (P4), testosterone

(T), and corticosterone (C), in 100-fold excess,
with [3H]estradiol for nuclear binding sites in

endometrium (B). Samples of liver and diaphragm
from each of three ovariectomized ewes were assayed

in duplicate. Each bar in (A) and (B) represents
the mean ± SE of three animals.
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[
3Hlestradiol for nuclear binding sites in endometrium are

presented in Figure 5B. A high specificity of the receptor

is demonstrated for estradiol and the non-steroidal estrogen,

diethylstilbestrol. Competition by estrone was intermediate,

while the non-estrogenic steroids, progesterone, testo-

sterone and corticosterone, did not compete with [3H)estra-

diol for receptor sites.

Serum Concentration of Protesterone and Estradio1-178.

The levels of progesterone and estradio1-178. in sys-

temic blood serum are presented in Figures 6A and 6B, res-

pectively. Although serum progesterone concentrations in-

creased during the luteal phase, no cyclic differences in

estradiol were observed, with this steroid averaging 5.4 ±

1.6 pg/ml throughout the estrous cycle.

Discussion

The quantitative aspects of estradiol binding by ovine

endometrium described herein appear nearly identical to the

binding of estradiol by rat uteri, as reported by

Giannopoulos and Gorski (1971). Total nuclear binding site::,

as determined by exchange assay, were saturated by concen-

trations of [3H] estradiol ranging from 1 x 10'M to 2 x

10
-8

M. This characteristic of ovine endometrium is similar

to that reported for the rat uterus when utilizing the nuc-

lear exchange assay (Anderson et al., 1972). The present
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Figure 6. Serum concentrations of progesterone during the
estrous cycle. Days 6 and 10 vs. days 0 and 3,
P < 0.01 (A). Serum concentrations of estradiol-
1713 (B). Each bar represents the mean ± SE of 5
animals.
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observations of the estrogen receptor in the ewe agree with

those previously reported from studies of the rat (Anderson

et al., 1972) and the primate (Henderson and Schalch, 1972).

In our study, Scatchard analysis of ligand-receptor

affinity in uteri from ovariectomized ewes indicates, as a

function of plot linearity, a single species of binding

sites. This was observed when binding was studied using

concentrations of [3H]estradiol up to 2 x 10-8MM n the incu-

bation medium. The equilibrium dissociation constant (Kd)

determined for the estradiol-receptor complex in uteri taken

from ovariectomized ewes is 8.30 nanomolar. This is greater

than Kd
values reported for uteri of the rat (Anderson et

al., 1972) and heifer (Senior, 1975) which are both 1.3

nanomolar. It is possible that the greater Kd reported in

this thus study results from the incubation of whole tissue

aliquots. For example, Russell and Thomas (1974), reported

a Kd
of 4.7 nM following the incubation of estradiol with

aliquots of rabbit uteri. The maximum concentration of

estradiol binding sites was determined to be 3.80 fmoles/pg

DNA. If it is assumed that there are 6 x 10
-12 g DNA/cell

(Vendrely, 1955), then one can calculate the concentration

of estradiol binding sites to be approximately 13,700 mole-

cules per cell. Gorski et al. (1968) have reported esti-

mates ranging up to 20,000 receptor molecules per cell.

Two aspects of this study merit particular emphasis.

First, the estrous cycle of the ewe, being characterized by
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a comparatively long luteal phase, permits the study of

estrogen binding by the uterus under a hormonal environment

quite unlike that of the rat. Specifically, in contrast to

the ewe, the estrous cycle of the rat is characterized by

the absence of a distinct luteal phase during which blood

concentrations of progesterone are increased (Butcher et al.,

1975). Secondly, the present study has examined the effect

of stage of the estrous cycle on both total cytoplasmic and

nuclear specific binding of estradiol, as well as the speci-

fic binding of estradiol to nuclear receptors following

translocation in vitro. This is in contrast with previous

studies utilizing species with menstrual cycles or long

estrous cycles in which only the specific binding of estra-

diol to available cytoplasmic receptors was quantified

(Trams et al., 1973; Gurpide and Tseng, 1974; Senior, 1975).

In the present study serum concentrations of proges-

terone steadily increased from day 0 to 10 of the cycle

while concentrations of estradiol remained unchanged through-

out this interval. These serum concentrations of steroids

during the estrous cycle of the ewe are similar to those re-

ported by Yuthasastrakosol et al. (1975). The estrogen

receptor profile obtained by the use of the [3H]estradiol

exchange assay demonstrates a decrease in total nuclear and

cytoplasmic binding sites during the period of peak pro-

gesterone secretion. A decrease in nuclear-bound estradiol

following translocation in vitro was also observed. The
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luteal phase decline in bound estradiol may be the result of

a decrease in the concentration of cytoplasmic estrogen

receptor since the percentage of specifically-bound [
3HI-

estradiol translocated to the nucleus remained constant

throughout the estrous cycle. This decrease in the concen-

tration of cytoplasmic estrogen receptor could possibly be

the result of progesterone interfering with the mechanism of

cytoplasmic estrogen receptor replenishment. The conse-

quence of this action is a subsequent decrease in the number

of estrogen binding sites available for translocation and

retention by the nucleus. The observations of Hsueh et al.

(1975, 1976) on the mechanism of progesterone antagonism of

the estrogen receptor and estrogen-mediated processes in the

immature rat support those reported herein. The luteal

phase decrease in cytoplasmic estrogen receptor concentra-

tion in the ewe might be also due in part to the marked

reduction in estradiol secretion following the preovulatory

surge of estradiol (Yuthasastrakosol et al., 1975), which

promotes maximal receptor synthesis. The possibility of

this estrogen withdrawal phenomenon is supported by the data

of Brenner et al. (1974) and West et al (1976).

In contrast are the data of Kimball and Hansel (1974)

which demonstrate an increase in estradiol binding by cyto-

plasmic receptors of the bovine uterus during the luteal

phase. A bicyclic pattern of estrogen binding by the nuc-

lear membrane of bovine endometrium during the estrous cycle



47

wa,1 observed by Jackson and Chalkley (1974) who utilized

vaginal smears for the purpose of monitoring estrous cycle

stages. The vaginal epithelial cycle of large lomestic

animals, however, unlike that of rodents, is not a reliable

indicator of cycle stage (Thnault and Levaslour, 1974) and,

thus, may account for the discrepancies' observed by these

authors.

The data from the present study demonstrates increased

nuclear binding of estradiol in the uterine horn ipsilateral

to the ovary bearing the corpus luteum as compared to the

contralateral horn on day 10. In contrast, Senior (1975)

reported no differences in estradiol binding between the

uterine horns of unilaterally ovulating cows and heifers.

In the ewe which has ovulated unilaterally, greater follicu-

lar development occurs on the ovary with the corpus luteum

than on the contralateral ovary during the luteal phase of

the estrous cycle (Dufour et al., 1972). Thus, one might

speculate that the uterine horn adjacent to the ovary with

the corpus luteum and greater follicular development would

be exposed to more estrogen as a result of the increased

concentration of this steroid in blood and lymph effluent

from that ovary. Lindner et al. (1964) have reported the

concentration of estrogen in ovarian lymph of the ewe dur-

ing the mid-luteal phase of the cycle to be approximately

300 pct /ml which is 60 times greater than systemic levels of

this steroid as determined in the present study. An
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increased local concentration of estrogen during the luteal

phase of the estrous cycle may be partially effective in

stimulating synthesis of estrogen receptors in the endo-

metrium of the adjacent uterine horn.
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EXPERIMENT II: PROGESTERONE INHIBITION OF ESTROGEN
RECEPTOR REPLENISHMENT IN OVINE ENDOMETRIUM

Introduction

The ability of estrogen to alter gene expression of the

uterine cell is dependent upon the binding of this hormone

to a specific cytoplasmic receptor followed by translocation

of the estrogen-receptor complex to the nucleus (Gorski et

al., 1968; Jensen et al., 1968). The well-known uterotropic

effects of estrogen in laboratory animals, as well as

estrogen-induced squamous metaplasia of the primate cervical

epithelium have been shown to be antagonized by progesterone

(Lerner, 1964; Hisaw and Lendrum, 1936). Results of recent

studies in which progesterone was administered to estradiol-

primed immature rats and ovariectomized cats indicate that

progesterone interferes with uterine binding of estrogen by

Inhibiting the replenishment of the cytoplasmic estrogen

receptor (Hsueh et al., 1976; West et al., 1976). A reduc-

tion in the binding of estrogen by uteri during the mid-

luteal phase of the bovine and ovine estrous cycles has also

been observed and is presumed to be due to a similar mechan-

ism of progesterone action (Senior, 1975; Experiment I).

However, definitive studies have not yet been conducted to

specifically determine the effects of progesterone on

uterine estrogen receptor concentrations in the cow and ewe.

In particular, such studies are considered to be requisite
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to an understanding of how exogenous estrogen acts to induce

premature luteal regression in the ewe. Estrogen-induced

luteolysis in the ewe has been demonstrated to require the

presence of the uterus (Stormshak et al., 1969; Hawk and

Bolt, 1970) and occurs only during the mid-luteal phase of

the cycle when progesterone secretion is maximal (Thorburn

et al., 1969) and the uterine concentration of estrogen

receptor is minimal (Experiment I).

The present study was conducted to examine the in-

fluence of exogenous progesterone and estradiol on the con-

2entration of total cytoplasmic and nuclear estrogen recep-

tor in endometrium of the ovariectomized ewe. The effect of

the respective steroid treatments on receptor-mediated

translocation of estrogen to the nucleus was also deter-

mined.

Materials and Methods

Sixteen mature crossbred ewes were ovariectomized at

least five weeks prior to the onset of this study. Ewes

were assigned at random in equal numbers to four experimen-

tal groups and received the following treatments: 1) con-

trol (no steroid treatments), 2) estradiol -175 (E2),

3) progesterone (P4), and 4) estradiol and progesterone

(E2 -I- P4). Estradiol (estradio1-175, Sigma) was adminis-

tered by means of subcutaneous implants. Silastic capsules

(Dow Corning, Medical Grade Tubing, 4.65 mm OD, 3.35 mm ID,
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15 mm long) were packed with E2 (54 ± 3 mg) and the day of

capsule implantation designated as day 0 of treatment. Con-

trol and P
4
-treated animals were implanted with empty silas-

tic capsules. Prior to subsequent injection of progesterone

or vehicle, a 48 h interval was allowed for the rate of in

vivo estradiol release from the silastic capsules to reach

equilibrium. Progesterone (15 mg, Sigma) was dissolved in

1.0 ml of sesame oil and injected subcutaneously into ewes

at 12 h intervals daily beginning at 0900 h of day 2 and

terminating at 2100 h on day 6. Control and E2-treated

animals received 1.0 ml of sesame oil vehicle at 12 h inter-

vals throughout this treatment period. Jugular blood

samples were collected from all ewes on the mornings of

days 0 and 2-7 for subsequent determination of serum estra-

diol and progesterone. All ewes were necropsied on the

morning of day 7.

Upon necropsy the uteri were excised, placed on ice,

and transported to the laboratory within 20 min of sacri-

fice. Tissue and buffer solutions were maintained at 0-4 C

unless otherwise indicated. The uteri were split longi-

tudinally and the endometrium from the middle region of

each uterine horn was dissected from the myometrium. Once

freely isolated from the myometrium, further dissection of

the endometrium was carried out in 0.15 M NaC1 to remove

caruncles which were also discarded.



52

Total specific nuclear and cytoplasmic estrogen bind-

ing sites were determined by use of a [
3H]estradiol exchange

assay as previously reported (Experiment I). This method

serves to quantify the number of estrogen binding sites

(filled and unfilled sites) and hence, the "total" number

of estrogen receptors in nuclear and cytoplasmic fractions

(Katzenellenbogen, 1975). Samples of intercaruncular

andometrium (251 ± 0.6 mg) were first homogenized and centri-

fuged (800 x 2). The resulting nuclear and cytoplasmic

fractions were divided into aliquots equivalent to 50 mg

endometrium/ml which were then subjected to the following

procedures. Fifty milligram equivalents of the nuclear

fraction were incubated with 10 nM [6,7-3H]estradiol -17a

(48 Ci/mmole, New England Nuclear) and 10 nM [3H]estradiol

'Plus a 100-fold excess of diethylstilbestrol (Sigma) to

determine total- and non-specific binding, respectively.

The concentration of [3H]estradiol used in this study (10

rim) was previously determined to be sufficient to saturate

"the estrogen receptors in 50 mg equivalents of ovine endo-

metrium (Experiment I). Incubation of nuclear fractions

qas for 30 min at 39 C (body temperature of the ewe) after

Jhich the samples were washed in buffer and the bound [3H]

7.stradiol extracted with absolute ethanol. The cytoplasmic

fractions were incubated for 24 h at 25 C with the same

:oncentrations of [
3H]estradiol and labeled estradiol plus

diethylstilbestrol (DES) used in the exchange assay of
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total nuclear receptors. Following incubation the cyto-

plasmic fractions were subjected to hydroxylapatite adsorp-

tion and the bound estradiol extracted with ethanol. Liquid

scintillation counting of the ethanol extracts of both nuc-

lear and cytoplasmic fractions was then conducted to deter-

mine the concentration of total- and non-specifically-bound

estradiol in the respective fractions. As previously re-

ported, specifically-bound estradiol was determined by dif-

ference between total and non-specific binding of this

steroid (Experiment I).

Specific binding of [3H]estradiol by nuclear receptors

following in vitro translocation and the percentage of

specifically-bound estradiol translocated to the nucleus

during incubation were determined as previously reported

(Experiment 1). Assay of specific estrogen binding sites

by this procedure serves to quantify the concentration of

available receptors (i.e., unfilled sites) for the binding

of estradiol. Ten nanomolar rather than 20 nM [

3H]estradiol

(Experiment 1) was used as the final concentration of this

steroid in incubation media. Duplicate aliquots of inter-

caruncular endometrium (53.2 ± 0.4 mg) were incubated in 3

ml of Eagle's HeLa medium (Difco) with [3H]estradiol and

[

3H]estradiol plus a 100-fold excess of DES for 1 h at 39 C.

Following incubation the samples were homogenized and

centrifuged (800 x 2) to yield nuclear and cytoplasmic

fractions. Nuclear pellets were washed in buffer prior to
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thanol extraction of labeled estradiol. Specific cytoplas-

laic binding of [3H]estradiol following incubation was deter-

mined by subjecting aliquots of the low speed supernatants

to hydroxylapatite adsorption prior to ethanol extraction

of bound estradiol. Following liquid scintillation count-

ing of the extracts of nuclear and cytoplasmic fractions,

specifically-bound estradiol was determined. The percent-

age of specifically-bound estradiol translocated to the

nucleus in vitro was then determined by dividing the con-

-zentration of specifically-bound nuclear estradiol by the

concentration of estradiol specifically-bound to both nuc-

lear and cytoplasmic receptors.

The DNA content of endometrium from all ewes was

quantified by use of the methodology of Burton (1956), and

estradiol binding reported in terms of fmoles
3Inestradiol/

pog DNA.

Radioimmunoassays previously validated in our labora-

tory were utilized for the determination of serum proges-

terone and estradiol (Experiment I). The antiserum for

progesterone was prepared in sheep against progesterone-11a-

succinyl bovine serum albumin.
3 The estradiol antiserum

was prepared in sheep against estradiol-succinyl-bovine

serum albumin.4

3See footnote 1, page 29.

4See footnote 2, page 32.
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Data were analyzed by use of analysis of variance and

differences between means determined by use of orthogonal

comparisons.

Results and Discussion

Mean concentrations of progesterone and estradiol

(0.31 ± 0.05 ng/ml and 2.2 ± 0.3 pg/ml, respectively) in

serum samples collected prior to exogenous steroid hormone

treatments did not differ among the four treatment groups.

The mean concentration of progesterone was greater in ewes

receiving twice-daily injections of this steroid (19.42 ±

6.28 ng/ml) than in control and E2-treated animals (0.36 ±

0.04 ng/ml). The high mean concentration of serum pro-

gesterone in animals treated with P4 and E2 + P4 was resul-

tant of four usually high progesterone concentrations

(68.59, 83.71, 156.07 and 182.33 ng/ml, respectively).

Omission of these concentrations would have resulted in a

mean progesterone concentration of 7.90 ± 1.99 ng/milli-

liter. Serum estradiol was increased in E2- and E2 + P4-

treated ewes (6.4 ± 1.5 pg/ml) when compared to animals

that were not treated with estradiol (3.9 ± 0.9 pg/ml).

Although concentrations of progesterone were slightly

greater in animals receiving this hormone than the concen-

tration of this steroid previously reported for the mid-

luteal phase ewe (Thorburn et al., 1969; Experiment I), the
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levels of serum estradiol were well within the physiologi-

cal range reported for the cyclic ewe (Experiment I).

Binding of [3H]estradiol by total nuclear and cyto-

plasmic receptors in endometrium as determined by exchange

assay is presented in Table 1. These values reflect the

total concentration of estrogen receptor present in the

Table 1. Effects of exogenous estradiol and progesterone
on specific binding of [3H]estradiol by nuclear
and cytoplasmic receptors of ovine endometrium
as determined by exchange assay.

Treatment
b

(moles [31-]estradiol/pg DNAa
Nucleus Cytoplasm

Control 0.13 ± 0.04 1.58 ± 0.37

Estradio1-178 (E2) 0.23 ± 0.06* 10.40 ± 7.27

Progesterone (P4) 0.16 ± 0.04 1.52 ± 0.51

E
2

and P
4

0.10 ± 0.02 1.76 ± 0.56

aEach value represents the mean ± SE of four ewes.

bEstradio1-17$ (54 ± 3 mg) was implanted subcutaneously in

silastic capsules for seven days. Progesterone (15 mg) waL:
injected subcutaneously twice daily for the last five days

of the study.

*E2 vs Control, P4 and E2 P4, P < 0.05. The high mean
concentration of bound estradiol in the cytoplasm was due

to one animal which if excluded would have resulted in a
concentration of 3.17 ± 1.07 fmoles/pg DNA and in increase

in the probability of significance (P < 0.01).

respective cellular fractions. Nuclear-bound estradiol was

greater (P < 0.05) in E2-treated animals (0.23 ± 0.06

fmoles/pg DNA) than the average concentration of nuclear-

bound estradiol in control, P4- and E2 P4-treated ewes

(0.13 ± 0.02 fmolesipg DNA). Total cytoplasmic binding of
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labeled estradiol was also greater (P < 0.05) in E2-treated

animals (10.40 ± 7.27 fmoles/pg DNA) when compared to the

mean concentration of estradiol bound to total cytoplasmic

receptors in control, P4- and E2 + P4-treated ewes (1.62 ±

0.26 fmoles/pg DNA). The relatively large variation ob-

served in estradiol bound by total cytoplasmic receptors

of E
2
-treated ewes was due to a high concentration of estro-

gen receptor (32.09 fmoles/pg DNA) in the endometrial cyto-

plasm of one animal in this treatment group. Deletion of

this extraordinarly high observation resulted in a cor-

rected mean concentration of 3.17 ± 1.07 fmoles/ug DNA.

Utilizing this value, statistical analysis of the now less-

disparate data resulted in an increase (P < 0.01) in the

significance of these findings.

An average of 81 ± 1% of the labeled estradiol bound

to available cytoplasmic receptor was translocated to the

nucleus during incubation of tissue from all treatment

groups. The concentration of specific nuclear-bound estra-

diol tended to be greater (P = 0.06) in endometrium from

the E
2
-treated group when compared to nuclear-bound estra-

diol in endometrium from ewes in the other treatment groups

(Table 2). The concentration of labeled estradiol speci-

fically-bound in the endometrial cytoplasm of E2-treated

ewes was greater than cytoplasm-bound estradiol in endo-

metrium of control-, P4-, and E2 + P4-treated ewes (Table

2). The parallelism observed between patterns of nuclear-
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Table 2. Effects of exogenous estradiol and progesterone
on concentrations of nuclear-bound and cytoplasm-
bound [3H]estradiol in ovine endometrium follow-

ing in vitro. translocation.

Treatment,

fmoles [3H]estradiol/pg DNAa
Nucleus Cytoplasm

Control 1.01 ± 0.40 0.21 ± 0.10

Estradio1-176 (E2) 1.85 ± 0.43* 0.49 ± 0.10

Progesterone (P4) 1.16 ± 0.45 0.35 ± 0.14

E
2

and P
4

0.95 ± 0.21 0.22 ± 0.07

aEach value represents the mean ± SE from four ewes.

bEstradio1-176. (54 ± 3 mg) was implanted subcutaneously in

silastic capsules for seven days. Progesterone (15 mg)

was injected subcutaneously twice-daily for the last five

days of the study.

*E2 vs Control, P4 and E2 P4, P = 0.06.

and cytoplasm-bound estradiol explains why the percentage

of translocation was similar for the four groups of ewes.

Data from the present study suggest that progesterone

acts to prevent an estrogen-stimulated increase of estrogen

receptor available for the binding of estradiol, and that

this suppressive action of progesterone is apparently not

facilitated by an inhibition of the estrogen- receptor

translocation mechanism. Similar conclusions have been pre

sented elsewhere. Hsueh et al. (1975, 1976) observed a

decrease in uterine cytoplasmic and nuclear estrogen

receptors following progesterone treatment of immature,

estrogen pre-treated rats, and correspondingly demonstrated

this decrease in uterine sensitivity to estrogen to be the



59

result of inhibition of cytoplasmic estrogen receptor

replenishment. Tseng and Gurpide (1975) reported reduc-

tions of estrogen receptor concentrations in human endo-

metrium following the administration of a synthetic proges-

terone. Brenner et al. (1974) and West et al. (1976),

utilizing ovariectomized monkeys and cats, respectively,

recently described studies in which exogenous estradiol

and progesterone were administered to simulate physiologi-

cal reproductive cycles. These investigators observed a

progesterone-induced suppression of estrogen receptor

concentrations in both oviduct and uterus.

Estrogen receptor concentrations in ovine endometrium

are lowest during the mid-luteal phase of the estrous

cycle, a time when progesterone concentrations in systemic

blood are maximal (Experiment I).

Results of the present study suggest that observed

suppression of uterine estrogen receptor concentrations

during the luteal phase is due to progesterone interfering

with cytoplasmic estrogen receptor replenishment. Although

cytoplasmic estrogen receptors are reduced during the mid-

luteal phase of the cycle, there are apparently sufficient

receptors available for exogenous estrogen to stimulate the

uterine-mediate events which lead to luteolysis in the ewe.



EXPERIMENT III: ESTRADIOL BINDING BY OVINE
UTERINE ARTERIES IN VITRO

Introduction
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Ovine uterine blood flow is increased at estrus but de-

decreases during the luteal phase of the estrous cycle

(Greiss and Anderson, 1969). Estrogen treatment of

ovariectomized ewes stimulates an increase in uterine

blood flow while treatment with progesterone reduces

uterine blood flow (Greiss and Anderson, 1970). Thus, it

appears that ovarian steroids may play a major role in the

regulation of uterine blood flow in the ewe. In addition,

uterine vasoactivity appears to be affected by local con-

centrations of ovarian steroids. Uterine arteries ipsi-

lateral to the ovary bearing the corpus luteum exhibit in-

creased constriction to nerve stimulation compared to the

contralateral arteries (Ford et al., 1976). Injection of

estrogen into the lumen of one uterine horn of the

ovariectomized ewe increased blood flow in the uterine

artery ipsilateral to the treated horn, but not in the

contralateral artery (Greiss and Miller, 1971).

Estrogen and progesterone have been reported to

possess other actions on the uterine vascular bed in addi-

tion to their roles in the regulation of uterine blood

flow. Estrogen stimulates DNA synthesis in endothelial

cells of the murine uterus (Martin et al., 1973a). In
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contrast, estrogen inhibits the ability of relaxin to in-

duce endothelial proliferation while concomitant pro-

gesterone administration suppresses this inhibition and

permits the proliferation of uterine endothelium (Hisaw

et al., 1967). However, the mechanisms whereby estrogen

and progesterone elicit their antagonistic actions on the

vasculature of the uterus is not clear. Specifically,

whether the ovarian steroids act via an unidentified

mediator(s) or themselves bind to this target tissue re-

mains equivocal.

The present experiment was conducted to examine the

ability of ovine uterine arteries to bind estrogen in

vitro. The influence of the ovary with the corpus luteum

on the binding of estrogen by uterine arteries was also

investigated.

Materials and Methods

Twenty 3-year-old crossbred ewes exhibiting normal

estrous cycles averaging 16.2 ± 0.2 days in duration were

used in this study. Estrous behavior was monitored twice

daily (0800 and 1700 h) by use of vasectomized rams with

the first day of detected estrus designated as day 0 of

the estrous cycle. Ewes were assigned in equal numbers to

four groups and necropsied at the following stages of the

estrous cycle: days 0 (estrus), 3, 6 and 10. Immediately

prior to necropsy a jugular venous blood sample (20 ml) was
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collected for subsequent determination. of serum proges-

terone and estradiol. Upon necropsy, it was observed that

all day 3, 6 and 10 ewes had a corpus luteum on one ovary

only. Uterine arteries from day 3, 6 and 10 ewes were

identified as being either ipsilateral or contralateral to

the ovary with the corpus luteum (no such comparison was

possible for ewes in estrus). Uterine arteries from all

ewes were then excised and transported on ice to the labora-

tory within 20 min of necropsy. Tissue and buffer solu-

tions were maintained at 0-4 C unless otherwise indicated.

A 4 cm segment was excised from the ipsilateral and contra-

lateral uterine arteries proximal to their first bifurca-

tions in the mesometri=. The isolated arterial segments

were stripped of adhering fat, opened longitudinaily,rinsed

in 0.15 M NaC1 and subdivided into smaller segments.

The binding of [
3Hlestradiol by aliquants of uterine

arteries was determined by a procedure slightly modified

from a method previously described (Experiment 1) . Brief-

ly, 3.0 ml of Eagle's HeLa medium (Difco) and a segment

(53 ± 2 mg) of each artery were added to separate Incuba-

tion flasks containing 1 nM [6,7-3111estradio1-17P; (48 Ci/

mmole, New England Nuclear) to determine total binding.

Non-specific binding was determined by incubating a seg-

ment of each artery in flasks containing 1 nM [

3Hlestradiol

and 100 nM diethylstilbestrol (Sigma). Incubation was for

60mininanatmosphereof959602-596CO2 at 39 C (body
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temperature of the ewe). Following incubation, tissue

samples were homogenized, and the homogenates centrifuged

at low speed (800 x 2) to yield a nuclear pellet and cyto-

plasmic supernatant. Nuclear pellets were first washed

with Tris-EDTA buffer and the estradiol then extracted

with 2.0 ml absolute ethanol. Low speed supernatants were

subjected to hydroxylapatite adsorption, washed with Tris-

HC1 buffer and the bound estradiol extracted with ethanol.

Ethanol extracts of both nuclear pellets and cytoplasmic

supernatants were decanted into scintillation vials for

counting in a liquid scintillation spectrometer. Speci-

fically-bound [

3H]estradiol was then determined by dif-

ference between total binding and non-specific binding

(Katzenellenbogen, 1975). The percentage of specifically-

bound estradiol localized within the nuclear fraction fol-

lowing incubation was determined by dividing the concentra-

tion of estradiol specifically-bound to both nuclear and

cytoplasmic fractions. Usage of the term "specifically-

bound estradiol" in this study, however, should not be

equated with that of previous studies (Experiment 1;

Katzenellenbogen, 1975), since at present there is no

direct evidence to suggest that cells of either the endo-

thelium or smooth musculature of uterine arteries possess

specific estrogen receptors as characterized for the

uterus, hypothalamus and anterior pituitary gland (Gorski

et al., 1968; Korach and Muldoon, 1974a, 1974b).
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The DNA content of incubated arterial segments from

all ewes was determined according to the protocol of

Burton (1956). Estradiol binding is reported in terms of

fmoles [
3H]estradiol bound/lig DNA.

Serum progesterone and estradiol were determined by

use of radioimmunoassay methods previously validated for

use in our laboratory (Experiment 1). The antisera for

progesterone and estradiol were prepared by immunizing

sheep against progesterone -lla-succinyl bovine serum

albumin5 and estradiol-succinyl bovine serum albumin,6

respectively.

Data were analyzed by use of analysis of variance and

differences between means determined by orthogonal compari-

sons.

Results and Discussion

Blood serum concentrations of progesterone increased

significantly from day 0 (0.30 ± 0.01 ng/ml) to day 3

(0.53 ± 0.04 ng/ml), and continued to further increase

on days 6 and 10 (1.09 ± 0.20 and 1.57 ± 0.13 ng/ml, res-

pectively). No cyclic differences in serum estradiol were

observed with this steroid averaging 5.4 ± 1.6 pg/ml on

days 0 through 10 of the estrous cycle. These patterns of

5See footnote 1, page 29.

6 See footnote 2, page 32.
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systemic serum progesterone and estradiol concentrations

bear strong resemblance to those reported previously for

the ewe during the estrous cycle (Yuthasastrakosol et al.,

1975) .

Concentrations of nuclear-bound [

3H]estradiol in

uterine arteries following incubation (Figure 1) were

greater (P < 0.05) on day 0 (0.35 ± 0.09 fmoles/pg DNA)

than on days 3, 6 and 10 (overall mean, 0.11 ± 0.02 fmoles/

pg DNA) of the estrous cycle. Concentrations of nuclear-

bound estradiol represent 77 ± 5% of the total labeled

estradiol specifically-bound by both nuclear and cytoplas-

mic fractions on days 0, 3, 6 and 10. The concentrations

of [
3H]estradiol bound by the cytoplasm following incuba-

tion did not change during the estrous cycle (overall

mean, 0.03 ± 0.01 fmoles/pg DNA). Concentrations of

estradiol remaining bound in the cytoplasm upon termina-

tion of incubations approached the basal sensitivity of

the assay method, and this may explain the lack of quanti-

tative differences in this characteristic.

No differences in nuclear-bound estradiol were ob-

served between uterine arteries ipsilateral and contra-

lateral to the ovary with the corpus luteum on days 3 and

6 of the cycle (Table 1). However, on day 10, nuclear-

bound estradiol tended to be greater in arteries ipsi-

lateral to the ovary with the corpus luteum (0.26 ± 0.11
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Figure 1. Specific nuclear bound [3H]estradiol followinu

incubation of uterine arteries removed from ewes

during the estrous cycle. Days 0 vs. days 3, 6

and 10, P < 0.01. Values represent the mean ;i317,

of two arteries from each of five animals

necropsied on each of days 0, 3, 6 and 10.
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Table 1. Nuclear-bound [

3H]estradiol in ovine uterine
arteries ipsilateral and contralateral to the

ovary with the corpus luteum.

Day of
estrous cycle

fmoles [3H]estradiol/pg DNAa
Ipsilateral Contralateral

3 0.10 ± 0.04 0.11 ± 0.04

6 0.05 ± 0.01 0.08 ± 0.01

10 0.26 ± 0.11
b 0.04 ± 0.01

aValues represent the mean ± SE of arteries from each of

five animals necropsied on each of days 3, 6 and 10 of

the cycle.
bIpsilateral vs. contralateral, P < 0.09.

fmoles/pg DNA) than in contralateral arteries (0.04 ± 0.01

fmoles/pg DNA).

The luteal phase decrease in estrogen binding by

uterine arteries reported herein appears similar to the

luteal phase reduction in estrogen binding by endometrium

of the primate (Henderson and Schalch, 1972), cow (Senior,

1975) and ewe (Experiment I). These data suggest that pro-

gesterone, a known antagonist of the uterotropic effects

of estrogen (Lerner, 1964), may act to inhibit the binding

of estrogen by tissues of the female reproductive tract.

Recently, such a mechanism was specifically elucidated by

investigations utilizing the uterus (Hsueh et al., 1976;

Experiment II), and oviduct (West et al., 1976). Thus, it

appears that the reduction in estrogen binding by ovine

uterine arteries during the luteal phase might be due to

progesterone suppression of the estrogen binding mechanism.
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In addition to this possibility, decreased estrogen bind-

ing by uterine arteries following estrus also may be due,

in part, to the subsidence of preovulatory ovarian estrogen

secretion which occurs at estrus in the ewe (Yuthasastrako-

sol et al., 1975). Such a response has been reported from

a study utilizing feline oviduct and uterus in which the

binding of estrogen by these tissues decreased following

the termination of estrogen treatment of ovariectomized

animals (West et al., 1976). However, prior to an unequi-

vocal acceptance of this model, the presence of high-

affinity estrogen receptors in uterine arteries must be

determined.

The pattern of reduced estrogen binding by ovine

uterine arteries observed in this study parallels the

reduction in ovine uterine blood flow during the estrous

cycle (Greiss and Anderson, 1969). Similarly, a linear

increase in the in vitro constriction of uterine arteries

has been demonstrated to occur between the day of estrus

and day 10 of the ovine estrous cycle (Ford et al., in

press). Furthermore, it is known that treatment of

ovariectomized ewes with estrogen increases blood flow by

inducing vasodilation of uterine arteries, whereas pro-

gesterone, when administered with estrogen, reduces the

magnitude of this stimulation (Greiss and Anderson, 1970).

The vasodilatory effects of estrogen are known to result

from a decrease in the sensitivity of ovine uterine
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arteries to the potent vasoconstrictor effects of norepine-

phrine in the uterine vascular bed (Barton et al., 1974;

Ford et al., in press). In view of these observations, it

is suggested that the ability of estrogen to induce vaso-

dilation is dependent upon the ability of this steroid to

bind to target cells within the uterine artery. Thus, the

increased vasoconstriction and subsequent decrease in

uterine arterial blood flow during the luteal phase could

be explained by the corresponding decrease in the concen-

tration of estrogen specifically-bound by this tissue.

The local influence of the ovary on uterine function

in the ewe has been well documented (Inskeep and Butcher,

1966; McCracken, 1971; Akbar et al., 1971). Experimental

evidence suggests that local mechanisms also exist for the

unilateral regulation of uterine blood flow in the ewe.

Injection of estrogen into the lumen of one uterine horn

of the ovariectomized ewe has been reported to increase

blood flow only in the uterine artery ipsilateral to the

treated horn (Greiss and Miller, 1971). In the present

study, uterine arteries ipsilateral to the corpus luteum

specifically-bound a greater concentration of labeled

estrogen than contralateral arteries during the mid-luteal

phase of the estrous cycle. In ewes which have ovulated

unilaterally, greater follicular development is present

on the ovary bearing the corpus luteum than on the contra-

lateral ovary during the mid-luteal phase of the cycle
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(Dufour et al., 1972; Fogwell et al., in press). There-

fore, one might speculate that the ovary with a corpus

luteum and correspondingly greater follicular development

would secrete greater amounts of estrogen than the contra-

lateral ovary. The resulting unilateral increase in the

concentration of estrogen in ovarian venous blood and

lymph (Lindner et al., 1964) may be sufficient to stimulate

the binding of estrogen in vitro by adjacent uterine

arteries.
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GENERAL DISCUSSION

Data from the previous experiments demonstrate the

existence of a high-affinity estrogen receptor in ovine

endometrium with quantitative characteristics nearly iden-

tical to the estrogen receptor identified for the rodent

and primate. These data also demonstrate that progesterone

is capable of suppressing the replenishment (hence, synthe-

sis) of the cytoplasmic form of the endometrial estrogen

receptor. Furthermore, the present observations of estro-

gen binding by uterine arteries of the ewe suggest that

this tissue possesses estrogen receptors much like those

present in endometrium. These observations serve to ex-

plain, at least in part, progesterone inhibition or sup-

pression of estrogen-induced responses such as the stimu-

lation of uterine growth and increased uterine blood flow.

However, in view of the data reported herein, certain

facets of the estrogen-progesterone interaction remain

perplexing. For example, despite progesterone's apparent

antagonism of estrogen binding in the uterus, it is

intriguing that the ability of exogenous estrogen to

induce luteolysis in the ewe is dependent upon progesta-

tional priming (Warren et al., 1973). Further study will

be required to expose the mechanism of this paradoxical

aspect of estrogen-progesterone interactions. In addition

to further investigations for the purpose of elucidating
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the involvement of estrogen in reproductive processes, it

is the author's desire that these studies be continued at

a basic level. Additional contributions to our understand-

ing of the biochemical actions of estrogen and other

steroid hormones in large domestic animals might spare

future investigators the uncertainties which often accom-

pany extrapolations from data acquired from the study of

similar mechanisms in small laboratory animals.
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