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INTRODUCTION 

Intracellular Localization of the Estrogen Receptor 

It is generally accepted that steroid hormone action is 

mediated through a specific receptor system which regulates 

hormone activity in the target cells. The early evidence for 

the steroid receptor hypothesis was the finding that 3H

estradiol was primarily bound and retained in the uterus and 

vagina where i_t stimulated tissue growth but not in non target 

tissues (Jensel) and Jacobson, 1962). Further studies confirmed 

that the estrogen re6ept6r (ER) is stereo-specific and it is 

a large protein (Noteboom and Gorski, 1965; Toft and Gorski, 

1966). 

In terms Of intracellular ER distribution, the two step 

model had been widely accepted until 1984. This model was 

independently proposed by Jensen et al. (1968) and Go~ski et 

al. (1968). Th~ model was based on the observation that the 

unoccupied form of ER was present in the cytosolic fraction 

and the bound form was restricted to the nuclear fraction 

after tissue homogenization., Thus, according to this .model, 

unoccupied ER is a cytosolic protein which after binding to 

estrogen, translocates into the nucleus_ whereupon it binds to 

DNA and regulates gene expression. Although th_is model had 
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been well accepted for many years, there were observations 

inconsistent with it. Sheridan et al. (1979) reported that 

unoccupied steroid receptors were distributed in equilibrium 

between cytosol and nuclei in autoradiographic studies. High 

concentrations of unoccupied nuclear ER were also found in 

uterine cell cultures (McCormack and Glasser, 1980). Welshons 

et al. (1984) reported that enucleated cytoplasts of 

cytochalasin treated cells contained only 10% of ER in the 

absence of_ estrogen, and the other 90% were present in the 

nucleoplast. King and Green (1984) used monoclonal antibody 

raised against ER to localize intracellular distribution of 

ER, they found that ER was localized exciusively in the 

nucleus in the·absence of estrogen. These findings led to a 

revision of the two step model to one involving a single step 

of estrogen-ER complex formation (Gorski et al.; 1984). In 

this model, ER is a nuclear protein associated in the nucleus 

with low affinity interacti~n in the absence of estrogen, 

conformational change of the ER occurs upon ligand binding, 

the estrogen-ER complex becomes tightly associated in .the 

nucleus and functions as a gene· regulator~ Cytosolic · ER 

appears to be an artifact of the tis_sue homogen~zation. More 

recent studies have Erovided the possible' mechanism of nuclear 

localization of steroid receptors. It was found that after 
. ' 

being synthesized on the cytoplasmic microsomes, steroid 

receptor may enter the nucleus through the-interaction of a 

receptor active "nuclear localization sequence" (NLS) with the 
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nuclear pores; the NLS was located in the DNA binding region 

of the steroid receptor (Carson-Jurica et al., 1990). 

However, in this dissertation, "cytosolic" ER will still 

be used to represent those receptors that are loosely 

associated in the nucleus and can be solubilized during cell 

homogenization. Nuclear ER represents ER more tightly bound to 

nuclear structures. 

structure and Functions of the Estrogen Receptor 

ER is a member of the steroid/thyroid receptor. 

superfamily which are · .structurally and functionally r~lated. 

The characterization of the sie~oid ·receptors· by using 

biochemical methods had bee·n limited for :many years due to 

trace amount of steroid receptors (103-104 per cell) (Evans, 

1988). In the past few years, molecular cloning.of the steroid 

receptors has greatly advanced our knowledge of their 

structures and functioris. Rat uterine ER cDNA has been cloned 

(Koike et al., 1987), which revealed that ER contains 600 

amino acid residues encoded by a single .mRNA of 6 kilobases 

(kb). The molecu1·ar weight of this protein was calculated to 

be 67 kilodalt.on (kDa) which is compatible with the value 

obtained by electroph6resis characterization of rat ER 

purified by affinity chromatography. (Lubahn et al., 1985). ER 

cDNAs from human (Walter et al., 1985; Green et al., 1986) and 

chicken (Krust et al., 1986) have also been cl9ned. They are 

5 and 11 amino acid smaller than the rat ER respectively, but 
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have strong sequence homology with the rat ER, suggesting ER 

is highly conserved among species. 

ER and other members of the superfamily are single 

polypeptides organized into three principal domains (reviewed 

by Carson-Jurica et al., 1990; O 'Malley, 1990; Freedman, 

1992). The ligand binding domain located near the carboxyl 

terminus which is the most hydrophobic region; next, connected 

to the DNA binding domain by th~ hinge region. The DNA binding 

domain is more hydrophilic and displays the highest sequence 

homology among receptors; it forms two zinc fingers, each has 

4 cysteines to coordinate 1 zfnc molecule. It has been 

proposed that the finger close to the amino-terminal is the 

principal determinant for specific contacts with the major 

groove of the DNA double helix, whereas the finger close to 

the carboxyl-terminal is involved in ER· dimerization and 

contacts with the sugar-phosphate backbone of the DNA, this 

ensures a 2 fold symmetrical spacing of the receptor monomer 

(Beato, 1989; Greens and· Chq.mbon P, 1989; Freedman, 1992). 

The amino tei:;-minal domain is the least conserved region among 

rece_ptors, suggesting its role in the diversity of antibody 

~pecificity to receptors (Carson-Jurica et al., 1990). 

steroid receptor ·primary functions have been described as 

hormone binding, DNA binding and gene regul~tion. (Carson

Jurica et al., 1990). Under physiological conditions, s~eroid 

receptors only function after the conformational change has 
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been induced by the association of ligand with its cognate 

receptor. 

It has been hypothesized that.in the absence of hormone, 

the steroid-binding domain acts as a repressor of receptor 

functions in vivo. Since after it is deleted, truncated 

receptors demonstrated constitutive gene activation (Carson

Jurica et al., 1990, Orti et al., 1992). The hormone binding 

domain can be exchanged within the receptor family (Kumar et 

al., 1987; Green et al., 1987) or moved into other unrelated 

transcriptional factors (Webster et al., 1988) without loss of 

function. This character is similar to many transcriptional 

factors (Frankel et al., 1991). It has been shown that the 

principal ER dimerization domain is the ligand binding domain 

and that dimerization is induced by estrogen (Kumar and 

Chambon, 1988). 

Estrogen alters gene transcription by inducing ER 

interaction with a specific enhancer sequence termed estrogen 

responsive element (ERE). ERE is located in the 5'-flanking 

region of the target genes (Walker et al., 1984; Baulieu, 

1989; Hunt, 1989). ER binds to ERE as an estrogen-induced 

dimer (Kumar and Chambon, 1988). Many· reports have suggested 

that a 90 kDa heat shock protein (HSP 90) binds to the ligand 

binding domain and promotes proper folding and stability of 

the receptor. The role of ligand is to stimulate HSP 90 to 

dissociate from the receptor and to induce the dimerization of 

the receptor. This leads to a conformational change of the 
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receptor exposing the DNA binding domain to.DNA (Picard et 

al., 1988; Baulieu, 1989). · It is clear that when steroid 

receptor binds to HSP 90, it is unable to bind DNA (Carson

Jurica et al., 1990; O'Malley and Tsai, 1992). However, since 

HSP 90 is a cytoscilic protein, there is little evidenc~ that 

it complexes with ER in the nucleus. Since regulatory elements 

exist in complex chromatin structure, the interactions among 

the receptor and other transcriptional factors and proteins on 

nuclear acceptor sites may also play a role in gene regulation 

(Barrack, 1987; Spelsberg et al., 1987; Rories and Spelsberg~ 

1989). A recent study by Gorski ~n~ his co-workers (Murdoch et 

al., 1990) demonstrates that ER binding to ERE in vitro is not 

dependent upon estradiol, suggesting that the hormone 

dependent changes in transcriptional activity in vivo were due 

to estradiol induced larger complex formation between ER and 

other proteins in the nucleus. Gorski and his co-workers also 

reported that estrogen induced a decrease in the surface 

hydrophobicity of the steroid binding domain may contribute to 

the tight binding of ER in the nucleus (Fri~sch et al., 1992). 

Radiochemical sequence analysis indicated that the putative 

binding site for both estrogen and antiestrogen was at 

cysteine-530 of human ER (Harlow et al., 1989), indicating 

that the conformational change of ER induced by the ligand 

accounts for the distinct action of estrogen and its 

antagonist. It· has been demonstrated that _ steroid hormone 

receptors can inte·rfere with each other at the transcriptional 
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level by competing for transcription factor(s) that mediates 

the enhancer functions of the activating hormone-receptor 

complexes (Meyer et al., 1989). It has also been suggested 

that ligand binding can change the on and off rate of the 

receptor binding to DNA~ thus, facilitating the searching for 

the hormone responsive element (HRE) on the DNA. This rate 

constant did not change to the same extent when hormone 

antagonist was used (Beato,. 1989). There is growing evidence 

that ER is a phosphoprotein, and that phosphorylation

dephosphorylation of ER can regulate receptor function 

(Auricchio et al., 1987; Auricchio, 1989). ER is 
{ 

phosphorylated in vitro by a purified calf uterus kinase and 

this pho~phorylation of the ER activates its capacity to bind 

· ligand (Migliaccio- et al., 1989). Dephosp~o~ylation can 

inactivate ER (Auricchio et al., 1981) and estrogen dependent 

phosphorylation of the ER results in transcriptional 

activation of a target gene by increasing the affinity of the 

receptor for specific DNA sequences (Denton et al., 1992). The 

mechanisms of steroid receptor activation and the role of 

ligand in this activation are still under extensive 

investigation. 

Regulation of Estrogen Receptor Dynamics by Estrogen 

studies in rat uterus (Clark et al., 1977; Mester and 

Baulieu, 1975; Sarff and Gorski, 1981) demonstrated that 

within 1 h of estrogen injection into immature or 

ovariectomiz_ed rats, there was cytosolic ER depletion and 
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concomitant nuclear ER accumulation. Nuclear ER then decreased 

but remained above the basal level. cytosolic ER gradually 

restored by 11-16 h followed by a continued increase or 

"overshoot" above the basal level. This recovery phase has 

been known as cytosolic ER replenishment (Hsueh et al., 1976). 

Nuclear ER retention was found to be a key factor for 

yielding _ biological responses such as uterine fluid 

accumulation and uterine growth (Clark et al., 1973; Clark et 

al., 1979). ER replenishment was necessary for target cells to 

respond to subsequent estrogen treatment {Anderson et al., 

1974; Hsueh et al., 1975). However, there was a time period in 

which the decrease in nuclear ER was not accompanied by the 

replenishment of cytosolic ER, i.e. , there was a transient 

total receptor loss which was known as nuclear · receptor 

processing {Horwitz and McGuire, 1978a, 1978b). 

The mechanism of replenishment and processing is still 

controversial. The replenishment seems to consist of synthesis 

of "new" receptors and/or recycling of "old" receptors {Hsueh 

et al., 1975). Jensen et al., (1969) first showed that the 

protein synthesis inhibitor cycloheximide could inhibit 

replenishment suggesting that de nova synthesis was involved. 

Further studies indicated that cycloheximide was effective 

only when it was given at a time very close to estrogen 

administration {Sarff and Gorski, 1971; Cidlowski and Muldoon, 

1978). This suggested that a factor induced by estrogen at 

early phase was involved in ER maturation (able to bind 
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estrogen). When a pharmacological dose of 17~-estradiol was 

used, an opposite result was obtained in that a protein 

synthesis independent (cycloheximide insensitive) phase was 

followed by a protein synthesis dependent (cycloheximide 

sensitive) phase (Mester and Baulieu, 1975). This discrepancy 

may reflect the toxic effect of the protein synthesis 

inhibitor in vivo (Cidlowski and Muldoon, 1976; Kassis and 

Gorski, 1981). Other complicating factors are that 

cycloheximide can decrease nuclear ER processing (retaining ER 

in the nucleus) (Horwitz and McGuir~, 1978a) and inhibit the 

synthesis of degradative enzymes. A short-acting estrogen, 

16a-estradiol, which dissociated from ER rapidly and ·caused 

short time nuclear retention leading to early uterotrophic 

responses (water _imbibition and induced protein synthesis) but 

not long-term effect (DNA synthesis) (Clark et al.,1977),· was 

used to study the recycling of ER (Kassis and Gorski, 1981). 

It was found that the replenishment was completed rapidly 

after· 16a-estradiol injection and it was not inhibited by 

cycloheximide indicating that the replenishment was entirely 

due to recycling. 

The possible mechanisms of processing include ER 

degradation, a decrease in ER synthesis.or a modification of 

the ER to a form unable to bind ligand. The· involvement o.f 

proteases remains unproven to date. The protease inhibitors 

leupeptin and antipain failed to inhibit receptor loss 

(Horwitz and McGuire, 1980). studies in MCF-7 breast cancer 
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cells (Horwitz and McGuire, 1978c, 1980) indicated that the 

disruption of DNA structure by using G-C base pair 

intercalators actinomycin D and chromomycine A3 can inhibit 

processirig. However, the same studies also showed that 

cordycepin (blocking rRNA and mRNA synthesis), quinacrine (A-T 

base· pair intercalator), ot~er nonspecific DNA intercalators 

and protein- synthesis inhibitors were ineffective to prevent 

ER processing. This suggested that G-C ~pacific intercaltors 

may inhibit ER processing through their direct effects on DNA 

conformation, and the synthesis of other factors, such as 

proteases, was not· involved (Horwitz and McGuire,_ 1980). 

Further studies (Auricchio et al •. , 1981a, 1981b, 1982) 

indicated that occupied ER was phosphorylated on tyro.sine and 

unoccupied ER was dephosphorylated. This process was regulated 

by a cytosolic kinase and a nuclear phosphatase in calf 

uterus, indicating that ER inactivation through 

dephosphorylation was more likely the mechanism for 

processing. However, a recent report by Medlock et al (1991) 

using exchange assay and immunoassay demonstrated that high 

dose of estrogen implant in adult ovariectomized rats can 

cause a net loss of receptor protein correlated with the loss 

of ER binding capacity. 

Whether processing is required for tissue response is 

also controversial. Processing has been correlated to 

progesterone receptor (PR) induction in MCF-7 breast cancer 

cells (Horwitz and McGuire, 1978a, - 1978b) and in rat uterus 



11 

(Sica et al., 1981). · Another study refuted this finding 

(Kassia et al., 1986). A different dose of estrogen which 

caused a different amount of processing stimulated id~ntical 

uterine growth, suggesting processing is not related to the 

response (Baudendistel et al., 1978). 

Since a steady state level bf total ER in a cell at a 

given time reflects the l::>alance between its synthesis and 

degradation, it is important to study the rate of synthesis 

and the half life of the receptor. rt' has been •widely accepted 

that the long term eff.ect of estrogen on ER is to. increase its 

synthesis. The rate of protein synthesis in rat uterus started 

to increase 1-4 h after estrogen injection and reached a peak 

at 18-24 h (Reviewed by- Katzenellenbogen, 1980; Walters; 

1985). In an early study.using·cycloheximide, the half life of 

ER in immature rat uteri in vivo has bee.n estimated to be 5 

days (Sarff and Gorski, 1971). A later study using pulse-chase 

experiments in vivo and in vitro in rat uteri suggested that 

the ER half life was only 3-4 h, and dense amino acid density 

shift assay confirmed this finding (Nardulli and 

Katzennellenbogen, 1986). Incubating uterine cells with 

cycloheximide can completely inhibit ER turnover in the same 

study. Gorski's group reported a half life of 2.1 h for ER in 

primary uterine cell culture, the presence of estrogen did not 

markedly change this rate but cycloheximide and puromycin 

blocked the turnover {Campen and Gorski, 1986). These studies 

suggested that ER turnover was dependent upon the synthesis of 
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other·rapid turnover proteins. Other study also suggested that 

the half life of ER was 3.7 h {Leavitt and Takeda, 1986). It 

was found that·the half life of occupied ER was 3.h and that 

of unoccupied ER was 4 h in MCF-7 breast cancer cells measured 

by a density shift experiment {Eckert et al, 1984). 

Regulation of Uterine Estrogen Receptor by Progesterone 

The mammalian uterus is the target organ for ovarian 

steroid hormones, estrogen and progesterone. The combined 

action of these· hormones controls the uterine structure and 

function during the female reproductive cycle and pregnancy. 

Progesterone inhibits or-modifies many estrogen dependent 

responses {Gurpide, 1983). At the receptor level, progesterone 

and estrogen exert opposing effects. Estrogen increases both 

ER {Katzenellenbogen, 1980) and PR {Horwitz and McGuire, 1978; 

Walter and Clark; 1979) by stimulating receptor protein 

synthesis. Progesterone down regulates both ER and PR by 

processes that are poorly understood. 

studies under physiological conditions using golden 

hamster and rat uterus during the estrous cycle established 

that the preovulatory progesterone $Urge suppressed nuclear ER 

retention {Evans et al., 1980. Clark et al., 1972) • This 

inhibitory effect was selective for the biologically active 

form, i.e. occupied nuclear ER. cytosolic ER replenishment was 

only observed at late ovulatory phase {Leavitt and Okulicz, 

1985). In the progesterone-dominant uterus (pregnancy and 

pseudopregnancy), the nuclear ER was chronically inhibited and 
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this led to the decrease· of estrogen dependent protein 

synthesis, e.g., ER, PR and oxytocin receptor;·withdrawal of 

progesterone (prepartum) caused rapid recovery of nuclear ER 

(Leavitt et al., 1983). Further study demonstrated that this 

nuclear ER recovery was the occupied form (Leavitt and 

Okulicz, 1983). 

Progesterone has been found to inhibit cytosolic ER 

replenishment under in vivo and in vitro experimental 

conditions. In immature or adult ovariectomized and estrogen

primed rat uterus, progesterone prevented the overshoot of ER 

but allowed early replenishment (return cytosolic ER to 

control level) (Hsueh et al-., 1976; ,Bhakoo and 

Katzenellenbogen, 1977; katzenellenbogen et al., 1979). This 

indicated that progesterone inhibited de. novo synthesis of ER 

but did not block recycling. Furthermore, if progesterone 

treatment was delayed for more than 8 hours after the last 

estrogen injection, the inhibitory effect of progesterone was 

decreased, again suggesting the existence of two separate 

processes for receptor replenishment (Hsueh et al., 1976). 

Okulicz recently reported (1989) that the degree of ER 

replenishment depends on the serum progesterone concentration; 

a pharmacological dose of progesterone can totally block the 

ER replenishment, whereas a physiological dose can only 

partially block the replenishment. It has been ~eported that 

progesterone had no effect on the uptake of 3H-estradiol by 

the nuclear fraction but significantly reduced 3H-estradiol 
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retention in the nuclear fraction (Evans and Leavitt, 1980a). 

Fuentes et al., (1990a) reported that in adult ovariectomized 

estrogen-primed rats, progesterone selectively decreases 

occupied form of uterine nuclear ER in a dose dependent 

manner, cytosolic ER and unoccupied nuclear ER were not 

changed. Okulicz (1989) also described that progesterone 

selectively inhibited occupied nuclear ER form in a dose 

dependent manner in rat uterus, and the di_fferences in 

occupied nuclear ER also reflected the change in uterine 

weight. However, the temporal effect of inhibition depended on 

serum progesterone level. A physiological dose of progestero"ne 

implant can maintain.the suppression of occupied nuc~ear ER, 

but a pharmacological dose of progesterc~me cannot maintain its 

inhibitory effect which may be due to PR decrease. In vitro 

experiments also demonstrated that the inhibitory effect of 

progesterone was selective for uterine occupied receptors 

(Smanik et al., 1989). 

The mechanism of progesterone effect on ER in the uterus 

is poorly understood. There is evidence that the effect of 

progesterone on ER is mediated through PR (Walter and Clark, 

1979, Leavitt et al., 1983). In the absence of estrogen 

priming, progesterone canno_t exert its effect (Fuentes et al., 

1990a). Progesterone antagonist RU-38486 can rapidly reverse 

progesterone inhibition of rat uterine occupied ER retention 

in the presence of sustained estrogen and progesterone serum 

levels (Okulicz, 1987). It has been shown that progesterone 
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had little binding affinity for ER (Hsueh et al., 1976; 

Muldoon TG, 1980), however competition assay showed that 

microsomal ER had. appreciable affinity for progesterone 

(Watson and Muldoon, 1985; Evans, 1990). 

In vitro experiments revealed that progesterone decreased 

ER by enhancing receptor turnover and inhibiting receptor 

replenishment (Evans and leavitt, 1980b; Takeda and Leavitt, 

1986). study with RNA and protein synthesis inhibitors 

demonstrated that inhibitory effect on nuclear ER was 

dependent on protein synthesis (Evans and Leavitt, - 1980b). 

+his led to a hypothesis that progesterone induced an 

"estrogen receptor regulatory factor" (RERF) which stimulated 

inactivation of occupied ER in the uterine· nucleus (Evans and 

Leavitt~ 1980a). Further studies suggested that this factor 

was an acid phosphatase ·-(MacDonald. et al., 1982a; Leavitt. et 

al., 1983) . This factor may modify the ·specific nuclear 

acceptor protein to impede ER binding. This·· would lead to a 

rapid decrease of occupied nuclear ER and an increase of the 

turnover rate of nuclear ER because non-chromatin associated e 

estrogen-ER complex may be more susceptible to proteolysis 

(Leavitt et al., 1987). Moreover, · the formation of 

transcriptionally active chromatin loops was inhibited as a 

result of the decreased nuclear ER association with the 

chromatin (Leavitt et al., 1987). The effect of progesterone 

on new ER synthesis may be secon~ary or a consequence of its 

stimulatory effect on nuclear ER turnover which leads to a 
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decrease in ER gene expression. Study with RNA and protein 

synthesis inhibitors also suggested that progesterone 

antagonism of cytosolic ER replenishment was through 

interference with de nova synthesis of ER or required protein 

factors (Bhakoo and Katzenellenbogen, 1977). 

17~-Hydroxysteroid dehydrogenase (17~-HSD} can stimulate 

the interconversion of 17~-estradiol and estrone in the uteri 

of mature cycling rats in vitro, with highest activity at 

estrus (Wenzel et al., 1970; Pack and Brooks, 1970). But this 

enzyme activity was not detectable in immature or mature 

ovariectomized rat uterus. 17~-estradiol can stimulate this 

-enzyme activity in castrated rats (Kreitmann et al., 1980). 

Progesterone has been shown to stimulate this enzyme in human 

endometrium (Gurpide, 1983}, anterior pituitary (El and 

Mahesh, 1984} and human breast cancer T47D cells (Poutanen et 

al., 1992} but not in rat uterus (El and Mahesh, 1984} or 

hamster uterus (MacDonald et al., 1982b}. It has also been 

demonstrated that progesterone in the presence of estrogen can 

inhibit this enzyme (Wahawisan and Gorell, 1980}. The fa~t 

that progesterone can still reduce uterine nuclear ER level in 

ovariectomized rats primed with 17a-ethinyl estradiol which 

could not be metabolized by 17~-HSD (Fuentes and Mahesh, 

1990b} · suggested that progesterone did not exert its 

inhibitory effect by stimulating 17 t3·-HsD to metabolize 

estradiol. 
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The effect of progesterone on ER can be summarized as·an 

inhibitory effect. Its action is ·mediated through PR. In 

uterus,, it selectively inhibits occupied nuclear ER and 

· inhibits cytosolic ER replenishment at later phases i.n a dose 

and time dependent manner. The mechanism of its action is not 

clearly understood, it may stimulate acid phosphatase to 

inactivate ER or enhance ER turnover or inhibit new ER 

synthesis. 

Microsomal Estrogen Receptor and Its Regulation 

Microsomes is an operational term for subcellular 

entities that sediment after high speed centrifugation of 

post-mitochondrial supernatant. It consists of membranous 

structures mainly from rough and smooth endoplasmic reticulum. 

The other components of microsomes are Golgi, ribosomes, a few 

small mitochondria and about 20% of the total lysosomes and 

peroxisomes (de Duve, 1964, 1971). 

Estrogen binding sites haye been described in uterine 

microsomes .(Noteboom and Gorski, 1965; Parikh et al., 1980; 

Watson and Muldoon, 1985), they represent 5-10% of the total 

estrogen binding capacity. The microsomal pellet has been 

subfractionated on discontinuous sucrose gradient and a 

correlation between ER binding and the distribution of various 

enzyme markers, including glucose-6-phosphatase (microsomal 

marker), lactate dehydrogenase (cytosolic marker), Na+;r 

ATPase and 5' -Nucleotidase (plasma membrane marker) ; and 

succinate dehydrogenase (mitochondria marker) has been studied 
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(Evans, 1990). It has been shown that there was a close 

correlation between ER binding and glucose-6-phosphatase 

activity (Evans, 1990). Furthermore, the concentration of 

microsomal ER was independent of homogenization volume (Watson 

and Muldoon, 1985). This suggested that ER was located in the 

endoplasmic reticulum free of plasma membrane contamination 

and other organelles did not markedly contribute to this ER 

binding. Transmission electron microscope analysis further 

confirmed· thi~ finding (Watson, 1982; Evans, 1990). 

Subfractionation of the microsomal fraction revealed an 

approximately even distribution of ER between smooth and rough 

endoplasmic reticulum (Watson, 1982) as well as polysomes 

(Evans, · 19.90). 

Muldoon and his co-workers have revealed that rat uterine 

microso~al ER has some common properties with cytosolic ER. 

These properties included a similar equilibrium association 

constant, saturability to the ligand, sensitive to pronase but 

not to DNAase or RNAase (Watson and Muldoon, 1985). However, 

some differences betwe~n microsomal and cytosolic ER have also 

been found. The specificity of microsomal ER differed from 

that of cytosolic ER with its appreciable affinity to 

progesterone (Watson and Muldoon,· 1985; Evans, 1990). 

Moreover, dissociation rate kinetic determinations indicated 

the half life of microsomal ER was 4 times longer than that of 

cytosolic ER (6.6 h vs 1.5 h) (Watson· and Muldoon, 1985). 

Unlike cytosolic ER, extracted microsomal ER after heat 
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incubation did not undergo a 4S to 5S transformation in 

sucrose gradient analysis; the 5S form of ER was an activated 

nuclear form 'which can bind DNA (Watson, 1982; Muldoon et al., 

1988). Lack of transformation or activation of microsomal ER 

was further supported ·by its inability to bind non-specific 

DNA cellullose after elevated temperature incubation in 

contrast to cytosolic ER which bourid DNA cellulose under the 

same condition (Watson, 1982) • Additionally, microsomal ER can 

be solubilized in high or low salt buffer, or with steroid, 

the remaining microsomal membrane can function as saturable 

acceptor sites for cytosolic ER, the saturable acceptor level 

is equal to the concentration 'Of ·extracted microsomal estr~gen 

binding sites (Watson and Muldoon, 1985). This receptor 

exchange capability suggests the possible function of 

microsomal ER as a regulator of ER distribution in cells 

(Muldoon et al., 1988). 

The role of microsomal ER remains obscure. It has been 

suggested that microsomal ER is precursor . of cytosolic ER 

(Little et al., 1972, 1973, 1975). Density gradient study 

found that ER in microsomal fraction of pig uterine homogenate 

sedimented at 3.5 sand 4.5 S regions (little et al., 1972). 

Characterization by. electrophoresis revealed the 3.5 S form 

was basic and the 4.5 s form was acidic (Little et al., .1972). 

The 3.5 S basic form has high affinity to estrogen and can be 

transformed to a 4. 5 s dimer after heat treatment in the 

presence of estradiol (Little et al., 1973). Further study 
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found that cytosolic ER sedimented at 4 s and 5 s r·egions and· 

contained only acidic form; the 4S form charged with estradiol 

was transformed to the- 5 S form by heating (little et al., 

1975). Additionally, it was found that all of these ER forms 

had a common proteinaceous core after trypsin treatment 

(Jungblut et al., 1980). The biosynthesis an·d transformation 

pathway of ER has been suggested as: microsomal 3.5 s basic 

form-> microsomal 4.5 s acidic form-> cytosolic 4 S acidic 

form-> cytosolic 5 S form (Little et al., 1975). However, it 

.is also possible that the-small basic form of microsomal ER 

was a proteolytic product since these studies were performed 

in the absence of protease inhibi~ors. Further contradiction 

for two forms of microsomal ER came from the study in rat 

uterus (Watson and Muldoon, 1985). It was found that using 

either protamine sulfate or dextran-coated charcoal to 

separate free and bound 3H-estradiol led to similar binding 

results, suggesting that all microsomal ER were acidic 

proteins. 

Jungblut and his co-workers (Sierralta et al., 1987) 

examined ER dynamics in porcine endometrial epithelium after 

estrogen administration with or without puromycin in vivo. _It 

was found that ER wa~ synthesized- in the rough endoplasmic 

reticulum, followed by·a maturation and deposition process in 

the smooth endoplasmic reticulum. Mature ER then translocated 

from the smooth endoplasmic reticulum i~to the nucleus. 
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studies _in adult castrated rats (Evans, 1990). using a 

short acting estrogen, 16p-estradiol, demonstrated that 

cytosolic ER depletion and nuc+ear ER accumulation occurred JO 

min post injection, followed by a protein synthesis 

independent cytosolic ER replenishment which was completed in 

4 h (receptor recycling). Microsomal ER rose immediately after 

16P-estradiol injection, then gradually declined, falling 
( 

· below control level by 36% at 4 h post injection. This fall of 

microso~al ER was associated with a concomitant increase in 

cytosolic ER and a decrease in nuclear ER suggest that 

microsome ER may be involved in ER recycling. On the other 

hand, uiing the long acting estrogen, 17P-estradiol, in the 

same animal model, the typical changes of ER in cytosol and 

nuclear compartments were seen (Eva·ns, 1990). Occupied 

microsomal-ER rose accompanied with a decrease in ~noccupied 

microsomal ER 1 h-post injection, so the total microsomal_ ER 

keeps constant, then the occupied microsomal ER returned to 

control level by. 3 h and remained at a low level. - The 

unoccupied microsome ER began to rise and overshoot above the 

baseline in a parallel pattern with cytosolic ER, reaching the 

peak at 36 -h. This suggested that the active synthesis of ER 

during the overshoot was at ~he endoplasmic reticulum level 

(Evans, 1990). Considering the fact that endoplasmic reticulum 

and polysomes are the machinery of protein synthesis, it is 

not surprising that microsomal ER represents newly 

synthesized, nascent ER. 
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There is also, evidence that microsomal ER may be involved 

in receptor processing (Cidlowski and Muldoon, 1978). These 

•investigators injected radiolabelled 17P-estradiol into uteri 
l 

of two week-castrated rat, and found that the decline in 

radioactivity in nuclei 3-5 h later was associated with a 

concomitant increase in radioactivity in microsomes. H6wever, 

5-10 h after injection, a second peak of labeled nuclear ER 

appeared and labeled microsomal ER decreased, thus, an 

·exchange between nuclear and microsomal ER appeared to be 

present. The authors suggested that this transient residence 

of nuclear ER in microsomes may occur during nuclear ER 

"processing". 

It is unlikely that microsomal ER acts as an estrogen 

storage site for cytosolic ER and releases estrogen to 

cytosolic ER upon demand, .sil'.lce it has a similar Ka but· longer 

half life compared to cytosolic ER (Watson and Muldoon, 1985). 

Microsomal ER fluctuated in a .similar. pattern with 

cytosolic ER during the estrous cycle ex~ept that its peak was 

on estrus, one day later than that of cytosolic ER (muldoon et 

al., 1988). This may be due to the fact that cytosolic ER was 

transformed and remained in the nucleus upon hormone binding, 

in contrast to the microsomal form (Muldoon et al., 1988). The 

changes of microsomal ER during the estrous· cycle implies that 

it may be also subjected to proge$terone regulation. However, 

the effect of prog_esterone on uterine microsomal ER has _not 

been reported in the literature. 
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These observations led to a hypothesis that microsomal ER 

may involve the receptor replenishment, processing,. and 

movement between cellular compartments (Cidlowski and Muldoon, 

1978; Muldoon, 1985; Muldoon et al., 1988). 

The existence of microsomal ER and its regulation by 

steroid hormone implies that it is a possible site of extra

nuciear action of estrogen and progesterone, especially at the 

translational level. Association of estrogen-ER complex with 

ribonucleoproteins in vivo and in vitro has been reported 

(Liang and Liao, 1974). An affinity-labelling agent, 4-

mercuriestradiol (4-ME), which does not have affinity or 

effec_ts on c:hromati~ or DNA· (Muldoon, 1971) was found to 

associate with microsomes rapidly and stimulate the glucose-6-

phosphate dehydrogenase activity after administration in vivo, 

suggesting the extranuclear action of 4-ME (Muldoon, 1980b). 

In a cell free protein synthesizing system, the amino acid 

incorporating activity of recons.tituted uterine ribosomes was 

increased after estrogen administration in vivo in ~he guinea 

pig (Shapiro et al., 1975). Whelly and Barker (1974 and 1982) 

reported that administration of estradiol into ovariectomized 

matured rats for 1 h stimulated the rate of peptide elongation 

on uterine active ribosomes in a cell free system. This effect 

of estradiol was not through gene activation, because it was 

not eliminated by prior actinomycin D treatment. Removal of 

ribosome associated accessory protein by high salt ( o. 5 M KCl) 

in control ·rats increased the rate of peptide elongation to 
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the level of estradiol-treated rats; suggesting that this 

early effect of estradiol was to . remove or. _inactivate 

ribosomal associated, salt extractable inhibitory factor(s) 

(Whelly and Barker, 1982). The extracted factor(s) retained 

the inhibitory activity on peptide elongation when added back 

to salt washed uterine ribosomes in a cell free protein 

synthesis system (Whelly and Barker, 1982) . Further study 

suggested that the effect of this inhibitor was to modify the 

selected tRNAs; the modified tRNAs were unable to bind their 

respective aminoacyl-tRNA synthetase so that these tRNAs 

cannot be charged with amino acids _(Whelly and Barker, 1985). 

A more recent study from this group suggested that uterine 

tRNA acceptor activity for specific amino acids was.increased 

by estrogen. Those amino acids were richly present in ER 

(Rasmussen et al. , 1988) . Barker and his co-workers also 

observed that the number of active ribosomes increased in 

par~llel to the increase rate of protein synthesis at a later 

time. However, only 15-31% of ribosomes were active at a given 

time, indicating that other factors such as initiation 

factors, elongation factors, termination factors and mRNA 

rather than the amount of ribosomes were more likely to be the 

rate limiting factors for protein synthesis (Whelly and 

Barker, 1974)-. It has been reported that the accumulation of 

ER on uterine ribosomes in the absence of estrogen may 

directly or indirectly inhibit peptide elongation; estrogen 

occupancy of ER reversed this inhibitory effect (Labate et 
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al., 1986). Estrogen has also been found to regulate a variety 

of proteins at the translational level such as vitellogenin in 

avian liver (Gekrke et al., 1981a,. 1981b) and glucose-6-

phosphatase in rat uterus (Donohue and Barker, 1983). 

Regulation of Estrogen Receptor mRNA by Estrogen and 

Progesterone 

The recent cloning of cDNA for ER (Koike et al., 1987; 

Walter et al., 1985., Green et al., 1986, Krust et al., 1986) 

has provided the opportunity to investigate the regulation of 

ER gene expression at the molecular level. ER is an estrogen

dependent transcriptional factor which alters the activity of 

respons·ive · genes (Reviewed by Murdoch and Gorski, 1991). A 

steady state level of a specific mRNA reflects a balance among 

its synthesis, post-transcriptional modification, degradation 

and nuclear-cytoplasmic transport (Ross, 1989). 

A number of studies ~ave demonstrated that ER mRNA is 

regulated by estrogen under both in vivo and in vitro 

conditions. ER mRNA in rat uterus increased 3 to 6 fold after 

ovariectomy and decreased to intact level 24 h after a 

supraphysiological dose (100 ug/100 g BW) injection of 

estradiol (Shupnik et al., 1989), suggesting a negative 

regulation of estradiol on uterine ER mRNA. In the same study, 

ER mRNA was increased by estradiol in pituitary and liver, 

indicating the tissue specific effect of estradiol. In mouse 

uterus, ER mRNA was 3-fold higher on proestrus than the other 

days of the cycle, and physiological concentration of 
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estradiol implantation increased ER mRNA as well as ER protein 

in ovariectomized mice (Bergman· et al., 1992), showing a 

stimulatory effects of estradiol on ER and ER mRNA at 

physiological concentrations. Studies with MCF-7 human breast 

cancer cells revealed an inhibitory effect of estrogen on ER 

mRNA by inhibitio~ of gene transcription at early times and by 

a post-transcription effect at later times (Saceda et al., 

1988). This post-transcriptional regulation was mediated by 

ER, and it was insensitive to the ·protein synthesis inhibitor 

cycloheximide. Furthermore, study of the effects of estrogen 

on nuclear and cytoplasmic ER mRNA indicated that this 

suppression is a nuclear event (Saceda et al., 1989). The 

effects of estrogen on ER mRNA on estrogen responsive cells, 

MCF-7 cells, and on estrogen unresponsive cells, T47D, have 

also been compared (Berkenstam et al., 1989). The result 

indicated that estrogen decreased ER mRNA but increased PR 

mRNA in MCF-7 cells, and it had no effect in T47D cells. 

Another study showed that ER mRNA increased in T4 7D cells 

after 48 h of estrogen treatment, but not in MCF-7 cells (Read 

et al., 1989). 

The decreases of ER mRNA and ER protein levels have been 

correlated with an increase of PR mRNA and PR protein levels 

in MCF-7 cells (Ree et al., 1989). Progestin R5020 can 

partially antagonize the inhibitory effect of estrogen on ER 

mRNA in MCF-7 cells (Read et al., 1989). Studies with T47D 

cells using 3H-uridine pulse chase method revealed that ER 
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mRNA half life was about 1 h (Alexander et al., 1990). 

Progestin induced a rapid decrease of ER mRNA but had no 

effect' on ER mRNA half life suggesting progestin effect is 

more likely at the level of ER gene transcription (Alexander 

et al., 1990). In rat uterus, it has been found that 

progesterone had no effect on ER mRNA levels (Rosser, 1991). 

In chicken oviduct, progesterone administration transiently 

increased ER mRNA level (Maxwell et al., 1987). 

The divergence of these results clearly indicates that 

the hormonal effects on ER mRNA is tissue specific and ligand 

dependent. 

Objectives of the Study 

Regulation of uterine ER-by estrogen and progesterone is 

complex, some of the key questions that will. help us . to 

understand this process but have not yet b~en answered are: 

l). What is the role of microsomal ER in ovarian steroid 

hormone action? 

2). Do changes ih uterine ER binding activity reflect the 

changes in ER protein? Do the stimulatory effect of estradiol 

on ER processing and the inhibitory effect of progesterone on 

ER replenishment reflect ER in.activation or ER protein loss? 

Does the replenishment phase involve synthesis of new ER 

and/or recycling of the "old" receptor? 

3) . What are the effects of estradiol and progesterone on 

steady state uterine ER mRNA levels? What i.s the relationship 

between the changes of ER protein and ER mRNA? 
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To address these questions, this study has the following 

specific aims: 

Aim 1. To explore the role of microsomes in mediating the 

effects of estradiol and progesterone on uterine ER dynamics, 

and to study the role of microsomal ER as a regulatory site in 

modulating nuclear and cytosolic ER pools. 

Aim 2. To investigate whether the changes in uterine ER 

binding activity reflect the changes in ER protein, and to 

examine · the regulatory mechanisms of estradiol and 

progesterone on uterine ER. 

Aim 3. To study the effects of estradiol and progesterone on 

the dynamics of uterine ER mRNA, and to examine the 

relationship between ER mRNA and ER protein changes. 



MATERIALS AND METHODS 

Animals 

Adult female Holtzman virus free rats on 58 days of age, 

weighing 200-225 g, were obtained · from Harlan Laboratory 

(Madison, WI) and housed in a temperature controlled (22°C) 

environment with 14 h light and 10 h darkness. They were 

provided with commercial rat chow and water ad libitum. 

Bilateral ovariectomy was performed under ether anesthesia 7 

days befote each experiment using a dorsal approach. 

Steroid-s, Antibodies, cDNAs and Other Reagents 

1. Radiolabelled 17P-[2,4,6,7-3HJ-estradi~l for receptor 
\ 

binding assays was purchased from New E·ngland Nuclear 

(Wilmington, DE). with specific activity of 105 Ci/mmol. 

Radio inert estradiol, estrone, progesterone, 

testosterone, and corticosterone were obtained from Sigma 

Chemical Company (St. Louis, Missouri). 

2. 17P-estradiol for subcutaneous injection was prepared in 

corn oil (10 ug/ml, containing 1% ethanol). Progesterone 

for injections was dis~olved in propylene glycol (12.5 

mg/ml, containing 40% ethanol). 

3. Dextran-coated charcoal (DCC) was mixed by 0.05% dextran 

(Sigma) and O. 5% Norit (Nutritional Biochemicals 

Corporation. Cleveland, Ohio) in TE buffer (50 mM Tris-

29 
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HCl, 1.5 mM EDTA, pH 7.4 at 22°C) without washing. Econo

safe scintillation cocktail was purchased from Research 

Products International Corp. (Mount Prospect, IL). 

4. Affinity purified rabbit anti-rat estrogen receptor 

polyclonal antibody (Anti-ER #715) and peptide antigen 

were provided by ·the National Hormone and Pituitary 

Program. Affinity purified goat anti-rabbit IgG (Fe) 

alkaline phosphatase conjugate polyclonal antibody was 

purchased from Hyclone Laboratories (Logan, Utah). Immun

Lite Chemiluminescent Assay Kit was obtained from Bio-Rad 

Chemicals (Richmond, CA). 

5. The plasmid containing 2.1 kb rat ER cDNA (pSV2ER) was 

provided by Masaharu Sakai, Univers·ity of Tokyo, Japan 

(Koike et al., 1987·) . The plasmid ,harboring the 1. 15 kb 

chicken ~-actin cDNA was provided by Noriko Shimizu, 

University of Chicago (Shimizu et al., 1988). RNAzol™ 

was obtained from Cinna/Biotecx, Inc. (Houston, TX). HB 

101 (Escherichia coli) competent cells and restriction 

enzymes were purchased from Bethesda Research 

Laboratories (Gaithersburg, MD). Oligolabelling kit was 

from Pharmacia LKB Biotechnology, Inc. (Piscataway, NJ). 

[a-32P] dCTP was from ICN Biomedicals (Costa Mesa~ CA). 

6. Other chemicals (reagent grade or electrophoresis purity 

grade) were either from Bio-Rad or Sigma Chemical 

Company. Distilled, deionized (dd) water was used for the 

preparations of buffers and chemicals. 



Determination of Estrogen Receptor Binding Activity 

1. Tissue Preparation and subcellular Fractionation 

A. Buffers. 

3i 

1). TEDSL ((50 mM Tris HCl, 1.5 mM Na2EDTA, 0.5 mM 

dithiothreitol (DTT), 0.25 M sucrose and 1 uM leupeptin, 

pH 7.4 at room temperature). 

2). TMDSL (2.5 mM Mg2Cl substituted for Na2EDTA) 

B. Method 

Rats were sacrificed by decapitation; uteri were freed 

of fat and mesenteric attachments, excised and quickly snapped 

frozen in liquid nitrogen. Uteri were pooled from 6-8 animals 

and stored in -8o 0c. At a later time, uteri were rapidly 

thawed, minced with scissors and collected in ice cold TEDSL 

buffer and homogenized by a Polytron homogenizer with six i5 

sec bursts and 30 sec cooling periods at a (buffer/tissue) 

ratio of 2 ml/uterus. The homogenate was c~ntrifuged at 800 g 

for 20 min to yield_ the nuclear-myofibrilla pellet and the 

cytoplasmic supernatant. Centrifugation of the supernatant at 

11,000 g for 15 min yielded the mitochondrial/heavy microsomal 

pellet and the post-mitochondrial supernatant. The supernatant 

was then re-centrifuged at 105,000 g for 1 h to yield cytosol 

supernatant and microsomal pellet. Cytosol was used in the 

binding assay without modification. The microsomal pellet was 

rinsed with 1 ml of TEDSL buffer and resuspended in this 

buffer by four strokes of a Dounce homogenizer (pestle A) • The 

nuclear pellet was washed and centrifuged at 800 g three times 
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in TMDSL ( (Mg2Cl substituted for Na2EDTA to stabilize the 

nuclear pellet (Noll et al., 1975)) buffer and finally 

resuspended in TEDSL buffer at a ratio of 2 ·ml/uterus by six 

strokes of a Dounce homogenizer (pestle B). 

2. Receptor Binding Assays 

Aliquots of each subcellular fraction (200 ul of nuclear 

sample, 100 ul of cytosolic and microsomal samples) were 

incubated with six concentrations (0.3-3 nM) of [3H]-estradiol 

with or without a 100-fold molar excess of radioinert 

estradiol to correct for nonspecific binding (final volume 300 

ul). The total nuclear ER was determined after 1 h incubation 

·at 30°C followed by 1 h o0 c. The total cytosolic and microsomal 

ER were measured after 22°c 'incubation for 18 h. The 

unoccupied ER was measured by incubation for 18 hat 0°C •. The 

occupied ER which represents endogenously bound receptor was 

calculated as the difference between total and unoccupied ER. 

The incubation of nuclear samples was stopped by dilution with 

2 ml Tris-sucrose buffer followed by centrifugation at 1000 g 

and three washings in this buffer to remove unbound estradiol, 

the bound estradiol was extracted using 1 ml absolute ethanol 

at 30°C for 1 h. The assay tubes were then centrifuged at 1000 

g for 10 min and the supernatants were transferred to 

scintillation vials; 3 ml of Econo-safe scintillation cocktail 

was added per vial. The bound and unbound estradiol in cytosol 

and microsomal samples were separated by i_ncubating 700 

ul/tube dextran-coated charcoal (DCC) for 10 min at o0 c to 
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adsorb free and loosely bound estradiol. The tubes were then 

centrifuged at 1000 g for 10 min. The supernatant was 

collected into scintillatio~ vials; 5 ml/vial of Ecorto-safe 

scintillation cocktail was added and the . radioactivity was 

counted. 

3. Calculation of Binding Parameters 

Equilibrium dissociation constant (Kd) and concentration 

of receptor specific binding _sites (Bmax) were calculated by 

saturation binding curve and double reciprocal plot using 

computerized nonlinear and linear regression program 

(ENZFITTER, Elsevier-BIOSOFT, Cambridge, U.K.). Binding 

parameters determined by these two methods were essentially in 

agreement and the average . was taken for each assay. Total 

capacity of Bmax was expressed as fmol/uterus. Specific 

binding activity in each subcellular fraction was expressed 

either as fmol/mg DNA or fmol/mg protein. Means± S.E.M. were 

calculated from three independent experiments. 

4. steroid Sp~cificity Study 

Aliquots of nuclear, cytosolic, and microsomal 

preparations (100 ul) from ovariectomized plus estradiol 

treated rats were incubated with a saturating amount of 3H

estradiol (6 nM) under exchange condition in the presence or 

absence of unlabeled competitors: . estradiol, estrone,-

progesterone, testosterone, and corticosterone ranging iri 

concentration from 0.1 to 5000-foid molar excess. The 

procedures after incubation were carried out as described in 
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the receptor binding assay. Results are expressed as 

percentage of binding activity (DPM) observed in the tubes 

lacking competitors. 

The relative competition ratio (RCR 50) was determined 

from a plot of the percent of 3H-estradiol bound vs. log 

competitor concentration. The amount of competitor required to 

inhibit 50% of the maximum 3H-estradiol bound (that achieved 

in absence of competitor) was determined from the displacement 

curve and compared to the competition curve for unlabeled 

estradiol. The ratio of the amount of unlabeled estradiol to 

displace 50% of bound 3H-estradiol to the concentration of 

competitor necessary give 50% displacement is defined as the 

RCR 50 (Blandeau et al., 1978). 

DNA Assay 

DNA levels from nuclear fractions were determined by a 

fluorometric procedure (Labarca and- Paiger, 1980) with 

modifications. 

A. Solutions 

1). Stock A: 13.8 g of monobasic sodium phosphate in 1000 ml 

dd water. 

2) . Stock B: 14. 2 g of dibasic sodium in 1000 ml of dd water. 

3). Stock C (0.05 M NaP04): 19 ml of stock A and 81 ml of 

stock Bin 200 ml of dd water, pH was adjusted to 7.4. 

4). Stock D (0.05 M NaP04 , 2 M NaCl): 23.38 g NaP04 in 200 ml 

of stock c. pH was adjusted to 7.4. 
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5). Hoechst 33258 (American Hoechst Corp.): 10 mg in 10 ml of 

~d water. 

6). DNA standard: 4 mg of calf thymus DNA (Sigma Chemical 

Company) in 50 ml of dd water (0.8 ug/10 ul). 

B. Method 

100 ul or 200 ul of samples were combined with 1. 38 ml or 

1.28 ml of solution D, then,15 ul Hoechst 33258 was added into 

each ~ube. Absorbance was read with a Fluorometer-A4 (Farrand 

Optical Co. INC •• New York, NY). 

Protein Measurement 

The concentration of proteins in homogenate of cytosol 

and microsome was determined by the Lowry method. (Lowry et 

al., 1951). 

A. Solutions 

1). Solution A: 2% Na2co3 in 0.lN NaOH (fresh daily). 

2). Solution B: 0.5% CuSO4 .5H2O + 1% Na or K tartrate in dd 

H2o. (store in dark) 

3)e Solution C: 25 ml solution A to 1 ml solution B (fresh 

daily) 

4). Folin phenol reagent: diluted to lN. -

5). Bovine serum albumin (500 ug/ml) was used as the protein 

standard. 

B. Method 

Samples were adjusted to a total volume of 100 ul. 

Solution c (100 ul) was added into each tube. The tubes were 

vortexed and stood at room temperature for 15 min or more. 
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Falin (100 ul) was then added into each tube and the tubes 

were vortexed immediately. The tubes were incubated at 75°c 

for 5 min and then at room temperature for more than 30 min. 

Absorbance was measured at 750 nm on a Beckman Spectrometer 

(Beckman Instruments, INC .. Irvine, CA). 

Measurement of Estrogen Receptor Protein 

1. Tissue Preparation 

A. Buffers 

1) 2% Tris-SOS (homogenization buffer): 

2 g of sos (sodium dodecyl sulfate, Bio-Rad) in 100 ml of 

10 mM Tris. 

2) 2 fold concentrated sos sample buffer (storage buffer): 

1. 525 g of sos, 5 g of glycerol and 2. 5 g of ~

mercaptoethanol, in 100 ml of 0.5 M Tris-HCl, pH 6.8. 

B. Method 

Rats were sacrificed by. decapitation and uteri were 

immediately homogenized by a Polytron homogenizer with one 

burst in 2% Tris-SOS at a buffer/tissue ratio of 4 ml/uterus. 

Samples were boiled for 10 min, cooled for 5 min, and 

microfuged for 10 min. Aliquots of samples were taken for 

protein determination. The rest of samples were combined with 

an equal volume of 2 fold concentrated SOS sample buffer 

boiled again for 10 min and stored· at -20°c (Greco et al., 

1991). Sample prepared from rat spleen was used as a negative 

control for ER protein. 
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SDS Polyacrylamide Gel Electrophoresis CSDS-PAGE) 'of 

Proteins 

One dimensional 10% sos polyacrylamide vertical gels were 

prepared by a modification of the methods of Laemmli (1970) 

and Maiziel (1971). 

A. Buffers 

1). Acrylamide:Bis-acrylamide solution: 30 g of acrylamide 

(Bio-Rad) and o. 8 · g of bis acrylamide (Bio-Rad) were 

dissolved in 100 ml of ~d water-and filtered through 

Whatman #1 paper. 

2). 10% sos: 10 g of sos in 100 ml of dd water. 

3). 10% Ammonium persulfate (fresh daily): 0.1 g·of ammonium 

persulfate in 1 ml of dd water. 

4). Stacking gel buffer (0.5 M Tris-HCl, pH 6.8): 

6.06 g of Tris were dissolved in 50 ml of dd water, pH 

was adjusted to 6.8 with HCl, volume was brought to 100 

ml. 

5). Resolving gel buffer (1.5 M Tris-HCl, pH 8.8): 

18.18 g of Tris were dissolved in 50 ml of dd water, pH 

was adjusted to 8.8 with HCl, volume was brought to 100 

ml. 

6). Running buffer: (50 mM Tris, 380 mM glycine and 0.2% sos, 

pH 8.3). 

18 g of Tris, 85.5 g of glycine and 6 g of SOS were 

dissolved in 6 L of dd water. 
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7). Gel storage buffer (375 mM Tris-HCl, 1% SDS). 

25 ml of resolving gel buffer and 10 ml of 10% SDS were 

mixed in 100 ml of dd water. 

B. Casting Gels 

1). Resolving gel (10%): 

Resolving gel buffer: 16 ml 

Acrylamide:Bis-acrylamide solution: 

dd water: 26.8 ml. 

21.1 ml 

The above mixture was degassed under vacuum at room 

temperature for 15 min, then added the following: 

10% SDS: 640 ul 

10% ammonium persulfate: 200 ul 

TEMED: 32 ul 

After casting the gel, the top of the gel was placed with 

dd water immediately and slowly. The gel was allowed to 

-stand for more than 45 min. 

2). Stacking gel 

Stacking gel buffer: . 5 ml 

Acrylamide:~is-acrylamide solution: 

dd water: 12 ml 

3 ml 

The above mixture was degased under vacuum at· room 

temperature for 15 min, then the following was added: 

10% SDS: 200 ul · 

10% ammonium persulfate: 40 ul 

TEMED: 32 ul 
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The resolving gel was rinsed with the gel storage buffer 

followed by the stacking gel buffer, then the stacking 

gel was poured above the resolving gel, the well forming 

comb was inserted. 

c. Sample Preparation 

1) sos sample buffer: 

stacking gel buffer: 

10% SOS: 1.6 ml 

Glycerol 0.8 ml 

dd water: 3.8 ml 

1 ml 

Mercaptoethnol: 

2) For samples: 

o.·4 ml 

Sample (100 ul) was combined with an equal volume of SOS 

sample buffer, boiled for 5 min and cooled for 5 min. 

Bromophenol blue (3 ul) was added into each vial. The 

. volume containing 100 ug,total protein was-loaded into 

the bottom of each well. 

3) For standards: 

High range biotinylated SOS-PAGE molecular weight 

stanoard and prestained SOS-PAGE standard (Bio-Rad) were 

diluted 1:50 in the sample buffer and treated the same as 

the samples. 

o. Electrophoresis 

The gels were run at a current of 35 mA per gel until the 

bromphenol blue tracker line was 1 cm from-the. bottom of 

the glass plates. 



3. Transfer of Protein onto Nitrocellulose Membrane 

A. Buffers 
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1). Transfer buffer (25 mM Tris, 192 mM glycine, 0.00375% 

sos, 20% methanol, pH 8.3) 

5.82 g of Tris, 2.93 g of glycine, 0.0375 g of SDS, 200 

ml of methanol were mixed in 1 L of autoclaved dd water. 

2). Staining solution ( 0.1% Coomassie blue in 40% methanol 

and 20% acetic acid). 

400 ml of methanol, 500 ml of dd water and 100 ml of 

glacial acetic acid were combined, 1· g of Coomassie blue 

R250 was added while stirring. The solution was filtered 

through Whatman paper. 

3). Destaining solution (10% methanol, 7.5% acetic acid) 

300 ml of methanol and 225 ml of acetic acid was added 

into 3 L of dd water. 

B. Method of Transfer 

Proteins were transferred into immun-lite nitrocellulose 

membrane (Bio-Rad) by semi-dry electrophoretic blotting using 

the Trans-Blot SD cell (Bio-Rad). The membrane and two thick 

blotting papers which were cut to the exact same size of.the 

gel were immersed in the transfer buffer for 15 min prior to 

transfer. One layer of blotting paper was placed on the bottom. 

plate electrode. The membrane was put on the top of this 

blotting paper. The gel was then positioned on top of the 

membrane, and another sheet of blotting paper was placed 

between the gel and the top plate electrode. All air bubbles 
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were removed by gently rolling a glass test tube along the 

surface of each layer. The voltage was set at 20 V_for 2 h. 

c. Method of Staining and Destaining 

To evaluate the efficiency of transfer, the gel was 

placed in staining solution for 20 min after the transfer was 

completed, then in destaining solution overnight. 

4. Detection-of ER Protein 

Immun-Lite Chemilumin~scent Assay Kit (Bio-Rad) was used 

to detect ER protein. 

A. Buffers · 

All buffers were made in autoclaved dd (distilled and 

deionized) water . 
., 

1). lOX TBS (Tris buffered saline, stock solution): 200 mM 

Tris, 5 M NaCl, pH 7.5, stored at 4°c for up to 6 month. 

2). TBS: (20 mM Tris, 0.5 M NaCl, pH 7.5): 100 ml of lOX TBS 

was added in 900 ml of dd water. 

3). TTBS: (0.05% Tween 20): 500 ul of Tween 20 was added in 

1000 ml of TBS. 

4). Blpcking solution (5% non fat dry milk): 5 g of non fat 

dry milk (obtained in the assay kit) in 100 ml of TBS. 

5). Antibody buffer (1% non fat dry milk): 1 g of non fat dry 

milk in 100 ml of TBS. 

6). First antibody buffer (1:750 dilutio.n): 20 ul of anti-ER 

#715 in 15 ml of antibody buffer. 
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7) Second antibody buffer (1:5000 dilution): .5 ul of goat 

anti-rabbit alkaline phosphatase conjugate in 25 ml .of 

antibody buffer. 

8). Avidin alkaline phosphatase solution (1:3000 dilution): 

10 ul of avidin alkaline phosphatase conjugate in 30 ml 

of antibody buffer. 

9). lX substrate dilution buffer (0.1 M Diethanolamine, 1 mM 

MgC1 2 , pH 10): 4 ml of 25X substrate dilution buffer in 

96 ml of dd water. 

10). Chemiluminescent substrate solution: 180 ul of substrate 

stock (AMPPD)- in 100 ml of lX substrate dilution buffer. 

11). Alkaline phosphatase (AP) color development buffer (100 

mM Tris, 1 mM MgC1 2): 12.1 g of Tris and 347 ul of MgC12 

solution (9.96 g of MgC12 in 10 ml of dd water) ~ere 

added into 1 L dd water, pH was adjusted to 9.5 with HCl. 

B. Blocking 

After transfer, the membrane was immersed in TBS for 1 

min. TBS was decanted. The membrane was then immersed in 

blocking solution and incubated at room temperature for 2 h 

with gentle agitation. 

c. Washes 

The blocking solution was decanted. The membrane was 

washed twice with TTBS at room temperature for 5 min with 

gentle agitation. 
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D. First Antibody Incubation 

The first antibody (anti-ER #715) buffer was added to the 

membrane and incubated at 4°C overnight with gentle agitation. 

In competition experiments, another membrane with 

electro-blotted ER was used. Anti-ER was preincubated with 

excess antigen peptide (1.25 ug/ml) overnight before being 

exposed to the membrane. 

E. Washes 

The unbound anti-ER #715 was removed by washing the 

membrane three times in TTBS at room temperature for 5 min 

with gentle agitation. 

F. Second Antibody Incubation 

The second antibody (goat anti-rabbit alkaline 

phosphatase conjugate) buffe·r ·was incubated with the membrane 

at room temperature for 2 h with gentle agitation. 

G. Avidin Alkaline Phosphatase Incubation for Protein 

Standards 

The lane containing molecular weight standards was cut 

from the membrane and incubated separately at room·temperature 

for 2 h with gentle agitation. 

H. Final Washes 

The membrane was washed three times in TTBS, one time in 

TBS at room temperature (5 min/each wash) with gentle 

agitation. 
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I. Substrate Incubation 

The membrane was incubated with the chemiluminescent 

substrate solution for s·min. Excess fluid was drained. The 

membrane was placed on a wet Whatman 3MM paper and wrap in 

Saran Wrap. 

The strip of standard was incubated with AP color 

development buffer until the bands were visible (3-5 min). 

J. Film Development 

The membran·e was exposed to Kodak XAR x-ray film between 

DU PONT intensifying screens at room temperature for 4-10 min. 

The film was developed in a Kodak X-OMAT M20 Processor. 

K. Band Density Scanning 

The density of ER protein band was measured by scanning 

the autoradiograph with a Schimadzu densitometer and the peak 

area of the density was measured by Csturbo computer program. 

Determination of Estrogen Receptor mRNA 

1. Preparation of Plasmid DNA 

Plasmid DNA was. introduced into HB 101 (Escherichia coli) 

competent cells by transformation according to the standard 

protocol (Saml:;>rook et al, 1989). The transformed bacteria were 

seeded onto agar prates and were selected by their resistance 

to antibiotics. The plasmid containing_the rat ER cDNA insert 

confers ampicillin resistance, while the plasmid harboring the 

,B-actin cDNA insert is tetracycline resistant. A single 

bacterial colony was selected from an agar plate and amplified 

following the standard protocol (Sambrook et al, 1989). 
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Bacteria were harvested by centrifugation. and lysed with 

lysozyme, 0.2 N NaOH and 10% sos. Plasmid DNA was separated 

from bacterial DNA and cell debris by adding potassium acetate 

and glacial acetic acid followed by centrifugation. Plasmid 

DNA in the supernatant was then pre_cipitated with 

isopropanol. After centrifugation, the nucleic acid I?ellet was 

washed with ethanol and resuspended in TE {10 mM Tris-HCl, 1 

mM EDTA, pH 8.0) buffer containing DNAase free RNAase 

(Sambrook et al, 1989). A series of phenol/chloroform:isoamyl 

alcohol extractions were conducted. Finally, plasmid DNA was 

purified by pZ523 spun-column (5 Prime-> 3 Prime, Inc., West 

Chester, PA) chromatography. 

2. Isolation of cDNA Inserts 

The pSV2ER insert (2.1 kb) was cut from its vector {4.29 

Kb) by the restriction enzyme EcoRI, and the p-actin insert 

(1.15 kb) was cut from its vector (4.4 kb) by PstI. The amount 

of DNA loaded on gel was calculated. A sample whose 0D260 = 1 

contained approximately 50 ug of DNA per milliliter (Sambrook 

et al., 1989). The cDNA inserts were separated from their 

vectors by electrophoresis in a 1.5% low melting point agarose 

gel iri TEA buffer (40 mM Tris base, 20 mM sodium acetate, 2 mM 

EDTA, final pH = 7. 5). The bands containing desired cDNAs were 

visualized with ethidium bromide staining. They were excised 

from the gel and melted. The concentration of cDNA probe was 

calculated by · taking the ratio of the insert size to total 

construct size and multiplying by the amount of DNA loaded per 
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lane in the low melting point agarose gel. The cDNA probes 

were diluted to 10 ng/ul in TE buffer and stored at -80°C in 

50 ng aliquots. 

3. RNA Sample Preparation 

All glassware was autoclaved prior to use. Solutions were 

made with.DEP (diethyl pyrocarbonate) water. DEP water was 

prepared by mixing 1 ml of DEP in 1 L of dd water and 

autoclaved after standing overnight. 

Rats were sacrificed by decapitation and uteri were 

immediately immersed in ice-cold RNAzol1M (3 ml/uterus, 2 uteri 

were pooled together) . Uteri were homogenized by Polytron 

homogenizer (Brinkmann Instruments, Westbury, NY) setting at 

4.5 ~ith 3 bursts. Each burst was 5 sec followed by 30 sec 

rest between pulses. RNA was extracted by a single step method 

of acid guanidinium thiocyanate-phenol-chloroform extraction 

(Chomczynski and Sacchi, 1987). Chloroform (0.1 ml/ml of 

homogenate) was added wh~ch separated RNA from DNA and 

proteins. The RNA, remaining in_the upper aqueous phase after 

centrifugation, was then precipitated with an equal volume of 

isopropanol at 4°C overnight. The RNA .p-ellet was washed twice 

in 75% ethanol, dried in a speed vacuum for 1-2 min and was 

dissolved in a solution of 0.1% Sarkosyl, 0.1% ~

mercaptoethanol. Aliquots (5 ul) of samples were taken to read 

the 260/280 ratio (O.D.) under ultraviolet light on a Shimadzu 

spectrophotometer. This ratio is expected to be higher than 

1.9 (Chomczynski and Sacchi, 1987). The amount of RNA in the 
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samples was calculated. A _sample whose OD260 = 1 contained 

approximately 40 ug of RNA per milliliter (Sambrook et al., 

1989). Total RNA was precipitated with 1/20 volume of 5 M 

ammonium acetate and 2 times volume of 100% ethanol. 

Total RNA prepared from MCF-7 and T47D cells were used as 

a positive control·for ER mRNA and that from testis was used 

as a negative bontrol. 

4. Aqarose Gel Electrophoresis of RNA 

. Total RNA · ( 10 ug) from each sample was denatured by 

glyoxalation (1 M glyoxal, 50% DMSO, 12 mM Tris, 6 mM sodium 

acetate, . o. 3 mM EDTA,. pH to 7. O) at 50°C for 30 min- and was 

subjected to electrophoresis along with RNA standards in a 

1. 5% agaros.e gel in TEA running buffer ( 12 mM Tris ·Hcl, 6 mM 

sodium acetate, 0.3 mM EDTA, pH 7.0). Gel running buffer w~s 

changed every 1.5 to 2 h to avoid the pH level rising above 

8.0. The gels were run at 120 volts for 3.5 h. The integrity 

of glyoxalated RNA samples and the migration of RNA standards 

were verified after gel electrophoresis by exposing the 

control gel to ethidium bromide (0.5 ug/ml in 0.5 M ammonium 

acetate) in dark for 15 min, destained in 0.5 M ammonium 

acetate in dark for 15 min and visualized under ultraviolet 

illumination. 

s. Northern Transfer of RNA 

Fractionated RNA was capillary transferred onto a 

Genescreen Plus nylon membrane (New England Nuclear Research 
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Products, Boston, MA) according to the manufacturer's 

. protocol. 

The meml;>rane was cut to the same size of the gel, was wet 

with DEP water and then soaked in l0X SSC (lX SSC: 0~15 M 

sodium chloride and 15 mM sodium citrate) transfer buffer for 

15 min. A sponge was soaked in a glass dish containing l0X SSC 

and used as a transfer base. Two pieces of· Whatman 3MM filter 

paper, saturated with the transfer.buffer, were placed on the 

sponge. The· gel was placed on the filter papers and mylar 

strips were placed around the gel. The membrane was 

subsequently placed on the gel and air bubbles between the gel 

and membrane were removed carefully. Six pieces of dry Whatman 

3MM paper and a stack of paper towels 4 or 5 inches high (cut 

to the same size as the gel) were placed on top of the 

membrane. Two i/4 inch plexiglass plates (14 x 18 cm) were 

used to weight the top of the paper towels. The entire glass 

dish was covered with Saran Wrap ·to avoid dust and evaporation 

of l0X SSC. Transfer buffer was added and paper towels were 

changed as necessary. Transfer was complete in 16-24 h. After 

transfer, the membrane was placed in 50 mM NaOH for 15 sec and 

then in lX ssc-o. 2 M Tris HCl for 3 0 sec to reverse the . 

glyoxal reaction. The membrane was allowed to air dry 

overnight to fix the RNA. The membrane was then sealed in a 

~las~ic bag and stored at -20°c until needed. 
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6. Slot Blotting 

Total RNA ( 10 ug) from each sample was denatured by 

glyoxalation ( 1 M glyoxal, 50% DMSO, 12. 5 mM sodium phosphate, 

pH 6.5, pH to 7.0) at 50°C for 15 min, then chilled on ice for 

5 min. Each sample was brough~ to a final volume of 200 ul 

with autoclaved dd water. A piece of GeneScreen Plus membrane 

was cut the same size as the slot manifold and soaked in 

sterile dd water for 15 min. One piece of Whatman 3MM filter 

paper same size as membrane was moistened, placed on the 

manifold and covered with the membrane. The manifold was 

assembled according to manufacturers recommendations. Each 

well of the manifold was washed with 200 ul of autoclaved dd 

water~with suction to assure proper functioning of the slot 

blot apparatus. Glyoxalated RNA samples were added to the 

manifold wells and allowed to.sit for 10 min, then suction was 
J 

appiied to draw fluid through the membrane. Glyoxalation was 

reversed by placing the membrane in 50 mM·NaOH for 15 sec and 

then in lX SSG-0.2 M Tris HCl for,·30 sec. Membrane was blotted 

between 2 pieces of filter paper and RNA was fixed to the 

membrane by air drying overnight. The membrane was then sealed 

in a plastic bag and store at -20°c until the day of 

hybridization. 

7. Oliqolabelling of cDNA Probes 

The ER and ti-actin cDNA probes were. radiolabeled with 32P

dCTP using the random primer oligolabelling kit (Pharma_cia 

LKB). Each probe (50 ng) was denatured at 100°c for 3 min. 
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Reagent mix (IO ul), 50 uci [a-32P] dCTP (ICN, 3000 Ci/mmol), 

and Klenow fragment (2 ul, = 13 units) were then added to the 

cDNA probe. The volume was brought to 50 ul with autoclaved dd 

water. The reaction was carried out at 37°C for 2 h and 

terminated by adding 20 ul of o .1 M EDTA. The final volume, was 

brought to 100 ul with 30 ul sterile dd water. The 

unincorporated. 32P was removed by gel - filtration over a 

Sephadex G~5o DNA · grade NICK column (Pharmacia LKB) • Each 

probe was the:h mixed with 1100 ug of sheared· salmon sperm DNA, 

brought to a final volume of 1_ ml with sterile dd water, and 

denatured by heating at 100°c for 10 min followed by chilling 

on ice for 5 min. The specific activities of the probes were 

1-4 x 108 Cerenkov cpm/ug DNA. 

s. Hybridization of Northern and .Slot Blots 

Membranes were prehybridized with 50% formamide, 10% 

dextran sulfate, 50 mM Tris, pH 7.5, 1% sos, 1 M NaCl at 42°C 

for 2 h. The 32P-labeled cDNA probe was· added to the 

prehybridization solution. The hybridization solution 

contained apporoximately 4.5 ng probe/ml and 105-106 cpm/ml. 

Hybridization was carried out at 42°C overnight. After 

hybridization, the membrane was washed in O. 2X SSC,· O. 1% sos 

for 20 min' at room temperature followed by two repeated wash 

of high stringency in 0.2X SSC, 0.1% SDS at 60°C with 

agitation. The final wash was performed in 2X SSPE (0.36 M 

NaCl·, 0. 02 M sodium phosphate dibasic, pH 6. 8, 2 mM EDTA) at 

room temperature for 30 min with agitation. The membrane was 
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pl.aced on a wet Whatman 3MM filter paper, wrapped in Saran 

Wrap and exposed to Kodak XAR film at. -ao0c between DU PONT 

intensifying screens. The film was developed in a Kodak X-OMAT 

M20 Processor. The hybridized band intensities were determined 

by densitometric scanning with a Schimadzu densitometer. 

Levels of ER mRNA were expressed in.arbitrary densitometric 

units and expressed as a percentage of the J3-actin mRNA 

arbitrary densitometric units. 

The cDNA probe on the membranes was stripped between 

hybridizations of different probes. The.initial wash was in a 

solution containing 10 mM Tris-HCl, pH 7.5, 1 mM EDTA and 1% 

sos at 100°c for 35 min (allowing to cool to 30°C) with 

agitation. The second wash was with 0.lX SSC and 1% sos at 

100°c for 35 min, followed by a final wash of 2X SSPE at room 

temperature for 30 min with agitation. The membrane was 

subjected to autoradiography overnight to confirm the removal 

of the probe and then stored at -20°c. 

Experimental Designs 

Animals were randomly assigned to one of three 

experimental designs. All rats were injected with 2 ug 17J3-

estradiol in 0.2 ml of corn oil sc daily, beginning 7 days 

after ovariectomy. In experimental design #1, Rats were 

randomly divided into two groups after the third estradiol 

injection (Fig. 1). Rats in one group ·(estradiol + 

progesterone group) received 2~5 mg progesterone in 0.2 ml of 

propylene glycol sc immediately after last estradiol 
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injection. Rats in the other group (estradiol group) received 

0.2 ml of propylene glycol alone. Animals were sacrificed at 

various intervals up to 40 h after injection. Six to eight 

uteri were pooled into each homogenate. In experimental design 

#2, all animals received daily estradiol injections for 3 days 

before being divided into a control group (without 

progesterone injection) and a treatment group which received 

2. 5 mg progesterone at various times following the third 

estradiol injection (Fig. 2). All animals were sacrificed 20 

h after the last estradiol injection, four rats were pooled 

into each homogenate. ·rn experimental design #3, rats received_ 

the same treatment as the design #1, but sacrificed at a 

various times up to 20 h (Fig. 3)~ 

statistical Analysis 

The results were expressed as means_± S.E.M. (n=J-5). 

Statistical analysis of time and treatment effects was 

per·formed by two way ANOVA (Experimental Design #1 and #3). 

When two way ANOVA indicated a interaction present between 

time and treatment effects, Student's t-test was then used to 

stuay the treatment effect at each time point. 

The Student-Newman-Keuls multirange test was used when 

there was only time effect involved (Experimental Design #2). 

Differences were considered to be statistically 

significant at p < 0.05 level. 



Figure 1. Experimental Design #1 

All rats received estradiol (E) priming for 2 days after 

7 days of ovariectomy. On day 3 after last estradiol 

injection, they were randomly divided into 2 groups. One group 

was treated with progesterone (P), another group received 

vehicle alone.· Animals were sacrificed at intervals up to 40 

h after hormone replacement. 
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Figure 2. Experimental Design #2 

All rats were given 3 daily injections of estradiol (E) 

after 7 days of ovarie~tomy. Progesterone (P) was injected at 

various times after the third· E administration. The control 

group did not receive P. All rats were sacrificed at 20 h 

- after last E injection. 
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Figure 3. Experimental Design #3 

Seven days post ovariectomy, all animals received 3 daily 

injections of estradiol (E). On day 3, rats were randomly 

divided into 2 groups. One group was injected with 

progesterone (P), another group received vehicle alone. 

Animals were sacrificed at intervals up to 20 h after hormone 

replacement. 
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RESULTS 

Estrogen Binding in Subcellular Fractions of Rat Uterus 

Rat uterus is a target tissue for estradiol. In order to 

establish the existence of high affinity, low capacity ER in 

the microsomal, cytosolic and nuclear fractions of the uterine 

homogenate, a saturation binding analysis was performed under 

equilibrium conditions (i.e. o0c for 18 h). 

Representative results of ER binding assays · in 

microsomal, cytosolic and nuclear fractions after·ovariectomy 

plus 2 days of estradiol-priming are shown in Figure 4, 5, and 

6, respectively. Results of the saturation analysis are shown 

in panel A of each figure. In all three fractions, nonspecific 

binding increased linearly with the increasing concentration 

of 3H-estradiol and specific binding reached a plateau when it 

was saturated. The specific binding data was transformed and 

plotted in panel B of each graph. The double reciprocal plots 

were found to be linear in all three fractions. The 

equilibrium dissociation constant (Kd) •Was 0.217 ± 0.03 nM in 

microsomal, 0.670 ± 0.076 in cytosolic, and 0.356 ± 0.032 ~ 

in nuclear fractions (n=45 assays). 

Th:e low Kd and binding saturability demonstrate the 

existence of high affinity and low capacity ER in all three 

fractions. 
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Figure 4. Estrogen Binding in the Uteririe Microsomal Fraction 

Aliquots of microsomal fraction from ovariectomized plus 

E treated rats were incubated with six concentrations (0.3-3 

nM) of 3H-estradiol (E) with or without 100-fold molar excess 

of unlabeled Eat o0c for 18 h. 

Panel (A) shows the saturation binding analysis of total, 

specific and nonspecific binding of 3H-E. 

-Panel (B) shows the linear transformation of the specific 

3H-E binding using the double ~eciprocal plot analysis. 
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Figures. Estrogen Binding in the Uterine cytosolic Fraction 

Aliquots of cytosoli~ fraction from ovariectomized plus· 

estradiol (E) treated rats were incubated with six 

concentrations (0.3-3 nM) of 3H-E with or without 100-fold 

molar excess of unlabeled Eat o0c for 18 h. 

Panel (A) shows the saturation.binding analysis of ~otal, 

specific and nonspecific binding of 3H-E. 

Panel (B) shows the linear transformation of the specific 

3H-E binding_using .the double reciprocal plot analysis. 
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Figure 6. Estrogen Binding in the Uterine Nuclear Fraction 

Aliquots of Nuclear fraction from ovariectomized plus 

estradiol (E) treated rats were incubated with six 

concentrations (0.3~3 nM) of 3H-E with or without 100-fold 

molar excess of unlabeled Eat o0c for 18 h. 

Panel (A) shows the saturation binding analysis of total, 

specific and nonspecific binding of 3H-E. 

Panel (B) shows the linear transformation of the specific 

3H-E binding using the double reciprocal plot analy.sis. 
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Establishment of Exchange Assay Conditions 

Since the injection of estradiol into ovariectomized 

rats increases the ER binding in the uterus, it is important 

to establish the optimum exchange assay conditions which allow 

the dissociation of the endogenous bound estradiol from ER. By 

moderate elevation of reaction temperature, the endogenously 

bound estradiol can be dissociated from ER without degradation 

of ER (Anderson et al., 1972; Katzenllenbogen et al., 1973). 

This permits the measurement of total E~ which consists of 

unoccupied ER and endogenously occupied ER. 

Three elevated temperature conditions were compared with 

the nonexchange condition in all three subcellular fractions 

from estradiol primed ovariectomized rats, the result 1s shown 

in Table I. The best exchange assay condition for the nuclear 

fraction appears to be at 30°C for 1 h followed by o0 c fo~ 1 

h. Elevated temperature seems not very effective to exchange 

endogenous bound estradiol in cytosol and microsomal fraction, 

suggesting these two fractions are more likely to be 

unoccupied by endogenous estradiol in vivo. However, this 

observation may not be true all the.time. Thus, 22°c for 18 h 

followed by o0c for 1 h wa.s chosen as the exchange condition 

for measuring total cytosolic and microsomal ER because of its 

convenience. Table II summarized the assay conditions used in 

this study. 



Table I. Effects of Temperature on Exchange of E from ER 

Nuclear, cytosolic and microsomal fractions were from the 

same homogenate prepared from estradiol-primed ovariectomized 

rats. Three different exchange assay conditions were used to 

compare with non-exchange assay condition (0°C ·1a h). 

Abbreviations: 

Kd - equilibrium dissociation constant 

Bmax - maximum 3H-E bound 
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TABLE I 
EFFECTS OF TEMPERATURE ON EXCHANGE OF E FROM ER 

NUCLEI CYTOSOL MICROSOMES 
CONDITION 

Kd(nM) Bmax (~ol/lube) Kd(nM) Bmax (fmol/lube) Kd(nM) Bmax (fmo~) 

30 C 1 h, OC lh 0.860 56.700 0.673 37.334 0.745 23.475 

22 C 18 h, 0 C lh_ 1.599 41.063 0.470 46.698 0.404 23.440 

22 C 2 h, 0 C 18 h 0.276 28.134 o·.350 45.252 0.350 25.234 

QC 18h 0.452 23.735 0.272 41.737 0.450 28.619 



Table II. Receptor Binding Assay Conditions 

The assay conditions for measuring total and unoccupied 

ER from nuclei, cytosol and microsomes in this study. 

Occupied ER was calculated as the difference be.tween 

total and unoccupied ER. 



TABLE II 

RECEPTOR BINDING ASSAY CONDITIONS 

Nuclei 

Cytosol 

Microsomes 

TOTALER 

30°C 1 hr --> 0°C 1 hr 

22°C 18 hr 

22°C 18 hr 

UNOCCUPIED ER 

0°C 18 hr 

0°C 18 hr 

0 

0 C-18 hr 

62 
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Estrogen Receptor Specificity for Steroid Hormones 

Some early studies have shown that the specificity of 

micros6mal ER may be different from cytosolic ER by having 

significant affinity for progesterone (Watson and Muldoon, 

1985; Evans, 1990) . Since the first pha·se of the present study 

examines the role of microsomal ER,in mediating the effects of 

estradiol and progesterone on ER, it is very important to 

exclude the possibility that progesterone may compete with 

estradiol for ER. 

The present study compares the steroid specificity of 

microsomal ER with that of cytosolic and nuclear ER. Aliquots 

of the samples from cytosol, nuclei - and microsomes were 

incubated with a saturatin_g amount of 3H-estradiol in the 

presence or absence of increasing concentrations of unlabeled 

estradiol, estrone, progesterone, testosterone and 

corticosterone. The ability of these competitors to displace 

3H-estradiol from the microsomal, cytosolic and nuclear ER is 

shown in Figure 7 (panel A, B, and c respectively). Estradiol 

was the most effective competitor for all three fractions; 

estrone was a weaker competitor. Progesterone, testosterone 

and corticosterone showed no tendency to displace 3H-estradiol 

from the ER preparations even when present in 5,000~foldll\olar 

excess. Ta_ble III summarized the results of Ic50 (concentration 

of unlabeled competitors to displace 50% of the ~aximum 3H

estradiol bound) and relative co~peti tion ratio (RCR 50, i.e. , 



Figure 7. steroid Specificity of Uterine Estr6gen Receptors 

Aliquots of the samples from microsomal (Panel A), 

cytosolic (Panel B) and nuclear (Panel C) fractions from 

ovariectomized plus E treated rats were incubated with 6 nM 

3H-E under exchange conditions in the presences of unlabeled 

competitors E (estradiol), E1 (estrone), p· (progesterone), T 

(testosterone) and c (corticosterone) ranging in concentration 

from 0.1 to 5000-fold molar excess. Results are expressed as 

percentage of binding activity (DPM) observed in the tubes 

lacking competitors. Each points represents _ the mean · of 

duplicate samples. 
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Table III. steroid Specificity of Uterine Estrogen Receptors 

Aliquots of ·the samples from microsomal, cytosolic and 

nuclear fractions from ovariectomized plus E treated rats were 

incubated with 6 nM 3H-E under exchange conditions in the 

presences of unlabeled competitors estradiol, - estrone, 

progesterone, testosterone and corticosterone ranging in 

concentration from O .1 to 5000-fold molar excess. IC 50 

(concentration of unlabeled competitor to.displace 50% of the 

maximum 3H-estradiol bound) and RCR 50 (the ratio of IC 50 pf 

unlabeled estradiol to the IC 50 of another competitor) were 

determined. 
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TABLE Ill 

STEROID SPECIFICITY OF UTERINE ESTROGEN RECEPTORS 

NUCLEI CYTOSOL MICROSOMES 
COMPETITORS 

IC 50 (nM) RCR50 IC 50 (nM) RCR50. IC 50 (nM) · RCR50 

Estradiol 12 1 60 1 , 30 1 

Estrone 60 0.20 600 0.1 600 0.05 

Progesterone Infinite 0 Infinite 0 Infinite 0 

Testosterone Infinite 0 Infinite 0 Infinite 0 

Corticosterone Infinite 0 Infinite 0 Infinite 0 
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the ratio of IC50 of unlabeled estradiol to the rc50 of another 

competitor) for these competitors in all three fractions. 

The observation of high ligand specificity of ER prepared 

from all three fractions co~pled with the fact that the ER in 

all three subfractions have a similar Kd suggests that the 

estradiol binding site of the microsomal ER is similar to that 

of the cytosolic a_nd nuclear ER. Furthermore, the influence of 
...._ 

progesterone on ER is hot mediated by directly competing with 

estradiol at the level of ER binding. 

Effects of Estradiol and Progesterone on the Dynamics of 

Uterine Estrogen Receptor 

R~ceptor dynamics play a key_ role in determining tissue 

responsiveness to steroid hormones (Muldoon, 1985). To explore 

the possible role of uterine microsomal ER in mediating the 

effects of estradiol and progesterone, the dynamics of 

microsomal ER was compared with th.at of cytosolic and nuclear 

ER aft'er estradiol and progesterone treatments. We 

hypothesized that if microsomal ER represents newly 

synthesized ER, it should respond very early to the actions of 

these steroid hormones. 

Experimental Design #1 as described in Materials and 

Methods (Figure. 1). was used to establish the temporal patterns 

of ER in response to estradiol and progesterone. Uterine 

tissues were collected at intervals up to 40 h. Uteri from six 

to eight rats were pooled in each group per time point and 

three independent experiments were conducted. 
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1. Influences of Estradiol and Progesterone on Nuclear ER 

In receptor binding studies, nuclear ER "accumulation" 

has been widely used to· describe the increase of nuclear ER 

binding after 1 h of estradiol injection. Nuclear ER 

"retention" has been used to describe the remaining of nuclear 

ER binding to the basal level (0 h) after estradiol injection. 

Thus, these terms are also used in this dissertation. 

The changes of total binding sites of nuclear ER are 

shown in Figure 8. Within 1 h of estradiol administration on 

day 3,· nuclear ER increased 3.5-fold above basal level (Oh on 

day 3), then gradual~y returned to near the basal level at 4 

h. Nuclear ER was then retained at 1.5- to 1.8-fold higher 

level above the basal until 24 h in estradiol-treated group. 

The decrease observed beyond 24 h seems to reflect the 

clearance of serum estradiol in vivo. Progesterone treatment 

did not affect the early phase of nuclear ER accumulation but 

facilitated nuclear ER decrease to the level below the basal 

(4 h) followed by a continued depression on nuclear ER 

retention (p < 0.05). 

Figure 9 displays the changes of total binding sites of 

unoccupied· (panel A) and_occupied (panel B) forms of nuclear 

ER •. Estradiol stimulated both forms of nuclear ER accumulation 

1 h after the last injection with the greatest increase in the 

occupied form (18-fold increase) whereas only a 2-fold 

increase was observed in the unoccupied form. ·Both forms of 

nuclear ER returned to near basal level (0 hon day 3) at 4 h. 



Figure a. Effects of Estradiol and Progesterone on· the Number 

of Total. ER Binding sites in Nuclei 

Adult ovariectomized rats were treated with estradiol (E} 

or E + P (progesterone} as described in Figure 1. Six to eight 

uteri were,pooled into a single homogenate. The quantities of 

nuclear ER binding sites were measured under exchange assay 

condition. The results are expressed as fmol/uterus. Values 

are Means± S.E.M. of 3 experiments. 
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Figure 9. Effects of Estradiol and Progesterone on the Number 

of unoccupied and· Occupied Nuclear ER Binding sites 

Adult ovariectomized rats were treated with estradiol (E) 

or E + P (progesterone) as described in Figure 1. Six to eight· 

uteri were pooled into one homogen_ate. The quantities of 

unoccupied nuclear ER binding (panel A) were meas~red under 

non-exchange assay condition. The levels of occupied nuclear 

ER binding (panel B) were calc~lated as the difference between 

total and unoccupied nuclear ER bind __ ing. The results are 

expressed as fmol/uterus. Values are Means ± S.E.M. of 3 

experiments. 
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However, there was a second phase of nuclear ER increase (1.6-

fold abov~ the basal level) in the unoccupied form at 12~24 h 

whereas occupied nuclear ER exhibited a pattern of gradual 

decline throughout this period. This suggests that the 

accumulation of nuclear ER at 1 h consists of mainly occupied 

form and the retention of nuclear ER at later phase is due to 

the increase of unoccupied form. Progesterone had no effect on 

the early accumul_ation phases but inhibited nuclear retention 

of both forms (p < 0.05). 

The dynamic changes of specific binding activity (fmol/mg 

DNA) of nuclear ER after estradiol and progesterone treatments 

are shown in Figure 10. The result is a little different from 

that of total binding sites. on day 3, nuclear ER-increased 

1.5-fold at 1 h after last estradiol injection then returned 

to near basal level (Oh) at 4 h. There was second-peak of 

nuclear ER increase at 12 h which was 2.1-fold higher than the 

basal level (0 h on day 3). The inhibitory effect of 

progesterone was similar to the above described effect for 

total bindin~ sites. 

Specific binding activities of unoccupied and occupied 

forms of-nuclear ER are exhibited in Figure 11 (pane+ A and B, 

respectively). The results indicated that the first peak was 

entirely due to the increase of occupied form, the second peak 

was contributed by unoccupied form. These ~wo forms seem to be 

inversely related to each other. The second phase of nuclear 

ER increase has also been described by others (Cidlowski and 



Figure 10. Effects of Estradiol and Progesterone on 

Specific Binding Activity of Nuclear ER 

Adult ovariectomized rats .were treated with E (.estradiol) 

or E + P (progesterone) as described in Figure 1. Six to eight 

uteri were pooled into a single homogenate. The quantities of 

total nuclear ER binding were measured under exchange assay 

condition. The results are expressed as fmol/mg DNA. Values 

are Means ± S.E.M~, of 3 experiments. 
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Figure 11. Effects of Estradiol and Progesterone on 

Specific Binding Activity of Unoccupied and 

occupied Nuclear ER 

Adult ovariectomized rats were treated with E (estradiol) 

_or E + P (progesterone) as described in Figure 1. Six to eight 

uteri were pooled into a single homogenate. The quantities of 

unoccupied nuclear ER binding (panel A) were measured under 

non-exchange assay condition. The levels of occupied nuclear 

ER binding (panel B) were calculated as the difference between 

total and unoccupied nuclear ER binding. The results_ are 

expressed as fmol/mg DNA. Values are Means ± S.E.M. of 3 

experiments. 
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Muldoon, 1978; Korach, 1979). Progesterone inhibited both 

forms of nuclear ER. 

The influences of estradiol and progesterone on nuclear 

ER can be summarized as follows. Estradiol stimulates the 

accumulation and retention of both forms of nuclear ER. The 

early. phase of accumulation is predominantly occupied ER, 

whereas the later phase of nuclear retention (or increase) 

consists of mainly unoccupied ER, perhaps reflecting increased 

ER synthesis. Progesterone inhibits nuclear retention of both 

forms but has no effect on the initial accumulation. 

2. Influences of Estradiol and Progesterone on Cytosolic ER 

Total binding sites of cytosolic ER are increased after 

2 days of estradiol-priming as shown in Figure 12. ·on day 3, 

a typical depletion and replenishment pattern was observed 

after- last estradiol injection. Cytosolic ER was rapidly 

depleted in the first 4 h (82% decline below the basal level). 

The decrease of cytosolic ER in the first hour corresponded to 

the concomitant increase of nuclear ER. This is because 

·cytosolic ER represents ER loosely associated in the nucleus 

and can be solubilized into cytosolic fraction during tissue 

homogenization; it becomes tightly associated with nuclear 

structures after binding to ligand and resists extraction 

during homogenization. However, there was a decrease of both 

nuclear and cytosolic ER between 1-4 h which led to a total ER 

binding loss. This is known as "processing" (Horwitz and _ 

_ McGuire, 1978a, 1978b). Cytosolic ER was replenished 



Figure 12. Effects of Estradiol and Progesterone on the 

Number of Total ER Binding Sites in cytosol 

Adult ovariectomize·d rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 1. Six to eight 

uteri were pooled into a single homogenate. The quantities of 

cytosolic _ ER binding were measured under exchan9e assay 

condition. The results are expressed as fmol/uterus. Values 

are Means± S.E.M. of 3 experiments. 
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thereafter and returned to the basal level (0 hon day 3) at 

16 h followed by a continued increase to 1.3-fold above the 

basal at 20 h. The decrease of cytosolic ER after 24 h 

appeared to- be the con.sequence of clearance ·of serum estradiol 

which was injected in vivo. Progesterone had no influence- on 

the early depletion phase but significantly inhibited the 

degree of the replenishment after 8 h with the greatest 

inhibition at _20 h (only 35% of estradiol-treated group) (p < 

0. 05) . 

Figure 13 displays the changes of total binding sites of 

unoccupied (panel A) and occupied (panel B) . forms of cy,tosolic 

ER. The p~ttern and magnitude of the changes in unoccupied 

form were closely in agreement with that of tot~l cytosolic 

ER. Occupied form remained at near zero or even negative value 

which was due to the effect of el~vated temperature on ER. 

This suggested there was an underestimation of cytosolic ER 

under exchange assay condition. The result indicates that 

virtually all of the cytosolic ER are unoccupied form. This is 

consistent with the concept that cytosolic ER represents 

loosely associated nuclear ER which becomes solubilized during 

tissue homogenization. 

The changes in specific binding activity (fmol/mg DNA) of 

cytosolic ER (Figure 14), unoccupied (Figure 15, panel A) and 

occupied (Figure 15, panel . B) forms of cytosolic ER are 

similar to the changes described for the total binding sites·. 



Figure 13_. Effects of Estradiol and Progesterone on the 

Number of Unoccupied and Occupied ER. Binding 

Sites in cytosol 

Adult ovariectomized rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 1. Six to eight 

uteri were pooled into a single homogenate. The quantities of 

unoccupied cytosolic ER binding (panel A) were measured under 

. non-exchange assay condition. The levels of occupied cytosolic 

ER binding (panel B) were calculated as the difference between . 

total and unoccupied cytosolic ER binding. The negative valu_es 

are due to the loss of total cytosolic ER binding under 

exchange condition. The results are expressed as fmol/uterus. 

Values are Means± S.E.M. of 3 experiments. 
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Figure 14. Effects of Estradiol and Progesterone on 

Specific Binding Activity of cytosolic ER 

Adult ovariectomized rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 1. Six to eight 

uteri were pooled into a single homogenate. The quantities of 

cytosolic ER binding were measured under exchange assay• 

condition. The results are expressed as fmol/mg DNA. Values 

are Means± S.E.M. of 3 experiments. 
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Figure 15. Effects of Estradiol and Progesterone on 

Specific Binding Activity of Unoccupied and 

occupied cytosolic ER 

Adult ovariectomized rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 1. Six to eight 

uteri were pooled into a single homogenate~ The quantities of 

unoccu~ied cytosolic ER binding (panel A) were measured under 

non-exchange assay condition. The levels of occupied cytosolic 

ER binding (panel B) were calculated as the difference between 

total and unoccupied cytosolic ER binding. The negative values 

are due to the loss of total cytosolic ER binding under 

exchange condition. The results are expressed as f~ol/mg DNA. 

Values are.Means± S.E.M. of 3 experiments. 
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These observations can be summarized as follows. 

Estradioi stimulates receptor- "processing" .followed by 

.receptor "replenishment". Progesterone has no effect.on the 

processing but suppres·ses the replenishment after 8 h of 

estradiol administration with the greatest inhibition at 20 h. · 

The vast majority of cytosolic ER is in the unoccupied form. 

3. Influences of Estradiol and Progesterone on Microsomal ER 

Total binding sites of microsomal ER determined at 

various intervals after hormone replacement are shown in 

Figure 16. Microsomal ER only accounted for about 5% of the 

total binding sites of the uterus. 'I'wo · days of estradiol 

administration increased microsomal ER 3-fold above the value 

on day 1. The last estradiol injection on day 3 resulted in an 

additional 1. 4-fold increase within l h followed by a_ rapid 

decrease to a nadir ( 4 7 % of the basal level) at 4 h. 

Microsomal ER then increased steadily, returning to the basal 

level (0 h) at 20 h. Microsomal ER declined after 24 h 

reflecting decreased estradiol action due to the clearance of 

injected estradiol. Progesterone significantly inhibited 

microsomal ER throughout the entire time period. on day 3 (p < 

0.05) comparing to the estradiol-treated group with the 

greatest inhibition at 20 h (only 39% of estradiol-treated 

group) .. 

These patterns of response to estradiol and progesterone 

were mostly accounted for by the unoccupied form of microsomal 

ER (Figure 17, panel A) except the increase of microsomal ER 



Figure 16. Effects of Estradiol and Progesterone on the 

Number of Total Binding Sites in Microsomes 

Adult ovariectomi~ed rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 1~ Six to eight 

uteri were pooled into a single homo_genate. The quantities of 

microsomal ER binding were measured under exchange assay · 

condition. The results are expressed as fmol/uterus. Values 

are Means ± s. E.M. of 3 experiments •. 
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Figure 17. Effects of Estradiol and Progesterone on the 

Number-of unoccupied·and Occupied ER Binding 

Sites in Microsomes 

Adult ovariectomized rats were treated with E {estradiol) 

or E + P {progesterone) as described in Figure 1. Six to eight 

uteri were pooled into a single homogenate. The quantities of· 

unoccupied microsomal ER binding {panel A) were measured u~nder 

non-exchange assay condition. The levels of occupied 

microsomal ER binding {panel B) were calculated as the 

difference between tota~ and unoccupied microsomal ER binding. 

The results are expressed as fmol/uterus. Values are Means± 

S.E. M. of 3 experiments. 
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at 1 h was caused by the increase of occupied form (Figure 17, 

panel B). Additionally, each of the priming injections of 

estradiol increased unoccupied microsomal ER without 

detectable occupied forms 24 h later. Occupied microsomal ER 

was undetectable.after 2 h of estradiol injection on Day 3. 

This suggests · that the exogenous estradiol injected may 

rapidly bind mature, nascent microsomal ER which then 

dissociates ·from the microsomes. 

The changes of specific binding activity (fmol/mg 

protein) of microsomal ER (Figure 18), unoccupied and occupied 

forms of microsomal ER (Figure 19, panel A and B, 

respectively) were comparable with the changes of total 

binding sites reported above. 

In summary, estradiol cause~· early accumulation of 

occupied microsomal ER which coincided with an increase in 

nuclear ER. and this was followed by a depletion and 

replenishment phase of unoccupied microsomal ER which was 

similar to the changes of cytosolic ER. on the other hand, 

progesterone depressed total microsomal ER throughout the 

entire time period. These data support our hypothesis that 

microsomal ER is a source of nascent ER which is stimulated by 

estradiol and suppressed by progest~rone. 

Effects of Delayed Proqesterone·Administration on.uterine ER 

To further study the role of microsomal ER in ovarian 

steroid hormone action, another experiment was designed 

(Experimental design #2) as shown in the Materials and Methods 



Figure 18. Effects of Estradiol and Progesterone on 

Specific Binding Activity of Microsomal ER 

Adult ovariectomized rats were treated with estradiol (E) 

or E + P (progesterone) as described. in Figure 1. Six to eight 

uteri were pooled into a single homogenate. The quantities of 

microsomal ER binding were measured under exchange . assay 

condition. The results are expressed as fmol/mg DNA. Values 

are Means± S.E~M. of 3 experiments. 
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Figure 19. Effects 0£ Estradiol and Progesterone on 

Specific Binding Activity of Unoccupied and 

Occupied Microsomal ER 

Adult ovariectomized rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure-1. Six to eight 

uteri were pooled into a single homogenate •. The quantities of 

unoccupied microsomal ER binding (panel A) were measured under 

non-exchange assay condition. The levels of occupied 

microsomal ER binding (panel . B) were calculated as the 

diffe_rence between total and unoccupied microsomal ER binding. 

The results are expressed as fmol/mg DNA. Values are Means± 

S.E.M. of 3 experiments. 
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(Figure 2). Progesterone was injected o, 4, 8, 12, and 16 h 

after estradiol'on day 3. The control group did -not receive 

progesterone treatment after la.st estradiol. All animals were 

sacrificed at the same time which was 20 h after the last 

estradiol_ administration. The 20 h time point was selected 

because progesterone exhibited the greatest inhibitory effect 

at this time as shown in Figures 8, 12, and 16. The hypothesis 

was that progesterone would be less able to inhibit the 

stimulatory effect of estradiol on ER if it was sufficiently 

delayed after estradiol. If microsomal ER represents the newly 

synthesized ER, it should· be most sensiti~e to this 

progesterone delay. Total, unoccupied and occupied forms of 

nuclear ER were measured. Only total cytosolic and . total 

microsomal ER were determined since at the time points chosen 

in this design they were essentially all the unoccupied form 

as· shown in the Figure 13 and 19. 

Total binding sites and specific bindi_ng activity (Figure 

20, panel A and B) Qf nuclear ER (mainly unoccupied form) 

were less sensitive to progesterone inhibition only when 

progesterone was administered 16 h after estradiol. Occupied 

nuclear ER did not change in response to this progesterone 

delay. 

Progesterone suppressed total binding sites as well as 

specific binding activity of cytosolic ER at all time points 

compared to the control group (p < 0.05) as shown in Figure 21 

(panel A and B). 



Figure 20. 

Adult 

Effects of Delayed Progesterone Treatment on 

Nuclear ER 

ovariectomized rats received delayed p 

(progesterone) injection after last E (estradiol) treatment as 

described in experimental design #2 (Figure 2). Different 

forms of nuclear ER (total= unoccupied form+ occupied form) 

were measured 20 h after last E injection·. Total binding sites 

(fmol/uterus) and specific binding activity (fmol/mg DNA) are 

shown in panel A and B, respectively. Values are ·Means ± 

· S.E.M. of 3 experiments. Means labeled with different symbols 

are significantly different from one another at·p < o.os. 
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Figure 21. 

Adult 

Effects of Delayed Progesterone Treatment on 

cytosolic ER 

ovariectomized rats received delayed p 

(progesterone) injection after last E (estradiol) treatment as 

describ_ed in experimental design #2 (Figure 2). Total binding· 

sites (fmol/uterus) (panel A) and specific binding activity 

(fmol/mg DNA) (panel B) of cytosolic ER were measured 20 h 

after last E injection. · Values are Means ± S.E.M. of 3 

experiments.· Mean labeled with symbol. is significantly 

different from others at p < 0.05. 
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Figure 22 shows that the total binding sites (panel-A) 

and specific binding activity (panel B) of. microsomal ER was 

suppressed maximally when progesterone was administered 

immediately after estradiol (progesterone delay o h) • When 

progesterone was delayed.for as little as 4 h after estradiol, 

it was less able to suppress ER and had no effect when given 

16 h after estradiol. 

The fact that the microsomal ER is most sensitive to 

progesterone delay supports our hypothesis that microsomal ER 

seems to be the nascent receptor protein. 

comparison of ER Level at the Time of Progesterone 

administration with ER Level at 20 h 

The increase in microsomal ER noted when proge·sterone was 

delayed for 4-16 h after· estradiol did not result in a 

corresponding increase in cytosolic ER, which we should expect 

if microsomal ER m~grates into the cytosolic pool after 

synthesis is complete. To further evaluate these ob~ervations,. 

the levels of ER obtained from estradiol treated group in 

experimental design #1 were compared with ER levels obtained 

from· experimental design #2 as described in Figure 23. ER 

levels in estradiol group at various times in Experimental· 

design # 1 represent the level of ER at the time of 

progesterone injection. They were compared with the level of 

ER at 20 h after different times of progesterone in design# 

2. Both total binding sites and specific binding activity of 

nuclear ER were compared; but only total binding sites of 



Figure 22. 

Adult 

Effects of Delayed Progesterone Treatment on 

Microsomal ER 

ovarlectomized rats received delayed p 

(progesterone) injection after last E (estradiol) treatment as 

described in experimental design #2 (Figure 2). Total binding 

·sites (fmol/uterus) (panel A) and specific binding activity 

(fmol/mg protein) (panel B) of microsomal ER were measured 20 

h after last E injection. Values are Means ± S.E.M. of 3 

experiments. Means labeled with different symbols are 

significantly different from one another at p < 0.05. 
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Figure 23. Comparison of ER level at the Time of 

Progesterone Administration with ER level at 

20 h 

ER levels in E (estradiol) group at various times on day 

3 in Experimental Design #1 represent the level of ER at the 

time of P (progesterone) injection. They were compared with 

the level of ER at 20 h after different times of Pin Design 

#2. 
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cytosolic and microsomal ER were compared since their specific 

binding activities_ exhibit similar changes in response to 

progesterone delay. 

Figure 24 exhibits this comparison for total binding 

sites (panel A) and specific binding activity (panel B) of 

nuclear ER. No matter when progesterone was administered, it 

depressed ER levels far below the existing level at the time 

of progesterone inj"ection. Without progesterone treatment, 

nuclear ER was increased gradually. Progesterone injection at 

each time point accelerated the rate of ER disappearance (as 

reflected by the slope of each line which represented the 

average of changes after progesterone treatment). For example, 

when progesterone was delayed for 4 h after estradiol while ER 

level was 830 fmol/uterus, the average rate of ER 

disappearance was 24 fmol/h. However, when progesterone was 

delayed for 12 h after estradiol while the existing level of 

ER was 1110 fmol/uterus, the average rate of ER degradation 

increased to 108 fmol/h. This suggests that the effect of 

progesterone on nuclear ER may involve an induction of a 

factor which stimulates ER degradation. The factor behaves as 

an enzyme becoming increasingly active as the increment of its 

substrate (Segel·, 1975), i.e., ER. One might suppose that the 

observed ER disappearance is due to its short half life after 

ER synthesis is blocked by progesterone. However, this 

explanation cannot account for the increasing average rate of 

ER decrease with increasing concentration of ER. In other 



Figure 24. Changes of Nuclear ER at 20 h after various 

Times of Progesterone Exposure 

Total binding.sites (fmol/uterus) (pa:hel A). and specific 

binding activity (fmol/mg DNA) (panel B) of nuclear ER at the 

time of P ·(progesterone) administration (closed circle) are 

compared with those of ER at 20 h (open triangle). Values are 

Means± S.E.M. of 3 experiments. The average rate of ER change 

during P exposure is reflected by the slope of ·each solid. 

line. 
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words, decay curves should all have a similar slope at each 

time interval. Moreover, the longer · the duration of 

progesterone exposure, the lower the level of ER should be 

observed. Our data do not support this possibility. Figures 25 

and 26 display the similar changes of unoccupied and occupied 

nuclear ER respectively. 

· Figure 27 shows that no matter how long progesterone was 

delayed, cytosolic ER reached the same level 20 h after 

estradiol, even though ER changes dramatically during this 

interval in estradiol treated group. Again, an increased ER 

disappearance was observed with the increasing concentrations 

of ER at the time of progesterone injection, suggesting that 

progesterone also stimulates cytosolic ER turnover through a 

similar mechanism descriQed for nuclear ER. 

Figure 28 shows that when progesterone injected 4, 8, and 

12 h after estradioi·, it acted by decreasing microsomal ER 

proportionally to the level existing at the time of 

progesterone injection. In other words, the effect of 

progesterone is to stop the dynamic changes of microsomal ER 

ind~ced py estradiol. However, when progesterone was inject~d 

16 h after estradiol, it allowed· ER increase to the same level 

of estradiol treated group. This result indicates that the 

effect of delayed progesterone on microsomal ER appears to be 

different fro~ that of cytosolic and-nuclear ER. Progesterone 

appears to inhibit microsomal ER synthesis. by blocking 

estradiol action rather than to stimulate ER degradation. If 



Figure 25. Changes of Unoccupied Nuclear ER at 20 h after 

Various Times of Progesterone Exposure 

Total.binding sites (fmol/uterus) (panel A) and specific 

binding activity (fmol/mg DNA) (panel B) of unoccupied nuclear 

ER at the time of P (progesterone) administration (closed 

circle) are compared with those of ER at 20 h (open triangle). 

Values are Means± S.E.M. of 3 experiments. The average rate 

of ER change during P exposure is reflected by the slope of. 

each solid line. 
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Figure 26. Changes of occupied Nuclear ER at 20 h after 

Various Times of Progesterone Exposure 

Total binding sites (fmol/uterus) (panel A) and specific 

binding activity (fmol/mg DNA) (panel B) of occupied nuclear 

ER at the time of P (progesterone) administration (closed 

circle) are compared with those of ER at 2o·h (open triangle). 

Values are Means± S.E.M. of 3 experiments. The average rate_ 

of ER change during P exposure is reflected by ·the slope of 

each solid line •. 
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Figure 27. Changes of cytosolic ER at 20 h after Various 

Times of Progesterone Exposure 

Total E binding sites of cytosolic ER at the time of P 

(progesterone) administration (closed circle) is compared with 

_that of ER at 20 h (open triangle). Values are Means± S.E.M. 

of 3 experiments. The average rate of ER change during P 

exposure is reflected-by the slope of_each solid line. 
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Figure 28. Changes of Microsomal ER at 20 h after various 

Times of Progesterone Exposure 

Total binding sites of microsomal ER at the time of P 

(progesterone) administration (closed circle) is compared with , 

that of ER at 20 h (open triangle). Values are Means± S.E.M. 

of 3 experiments. The average rate of ER change_during P 

_exposure is reflected by the slope ot each solid line. 
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progestero~e administration is delayed until 16 h after 

estradiol, it cannot inhibit microsomal ER. After synthesis 

becomes blocked, microsomal ER did ·not decrease below its 

level when progesterone was injected, _which may be due to its 

longer half life (Watson and Muldoon, 1985). 

These observations are.consistent with the notion that 

microsomal ER represents the source of nascent ER. However, 
~ 

direct confirmation is difficult because the receptor binding 

assay measures only the number of mature ligand binding sites 

existing at a given moment, it gives no measurement of rate of 

synthesis, release or turnover of active ribosomes. Thus, 

microsomal ER importance for recruitment to the nucleus can be 

underestimated due to its small number of binding sites. 

Effects of Estradiol and Progesterone on Total uterine ER 

To investigat~ the mechanisms of estradiol and 

progesterone action on ER, experimental design #3 (Figure 3) 

was used for the second and third phase of the study. Only o, 

1, 4, 8, 12, 16 and 20 hon day 3 were selected because these 

time points were involved in the processing and replenishment 

process based·· on the results of the 'first phase of this study. 

Figure 29 shows the effects of estradiol and progesterone 

on the binding sites of nuclear (panel A), cytosolic (panel B) 

and microsomal ER (panel C) • Total uterine ER binding · was 

calculated by summing nuclear, cytosolic and microsomal ER 

binding at each time point. The result is shown in Figure 30. 

After 4 h of estradiol treatment, total uterine ER binding was 



Figure 29. Effects of Estradiol and Progesterone on 

Subfractions of Uterine ER Binding Sites 

Adult ovariectomized rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 3. The levels 

of total binding sites of nuclear (panel A),·cytosolic (panel 

B) and microsomal (panel C) ER were measured at various times 

after hormone replacement. Values are Means ± S.E.M. of 3 

experiments. statistical analysis by two way ANOVA indicates 

Means in E + P treated group are significantly lower than E 

group in all three fractions (p < 0.01). However, there is 

interaction between time and treatment effects in nuclei a·nd 

cytosol fraction. Student t-test is further used to examine 

the treatment effect at each time point in panel A and B. 

Means in E + P group labeled with* is significantly different 

from E group at p < 0.01 (panel A and panel B). 
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Figure 30. Effects of Estradiol and Progesterone on Total 

Uterine ER Binding Sites 

Adult ovariectomized rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 3~ The levels 

of total binding sites of total uterine ER are the summation 

of nuclear, cytosol and microsomal ER at various times after 

hormone replacement. Values are Means ± S.E.M. of 3 

experiments. Statistical analysis by two way ANOVA indicates· 

that Means in E + P treated group are significantly lower than 

E group (p < 0.01). However, there is interaction between time 

and treatment effects. Student t-test is further used to 

examine the treatment effect at each time point. Means in E + 

P group labeled with* is significantly di£ferent from E group 

at p < 0.01. 
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reduced to 20-30% of the control (0 h) and then increased, 

gradually returning to bas.eline at 16 h and surpassing the 

control by 1.35-fold at 20 h. Progesterone significantly 

suppressed total uterine ·ER bind~ng throughout the 8-20 h 

replenishment period with greatest inhibition at 20 h (only 

35% of the estradiol treated group). The pattern is very 

similar to that of cytosolic ER, because cytosolic ER 

contributes 50-85% of total uterine binding throughout this 

time period. 

Establishment and Validation of Western Blot Technique for 

Measuring ER protein 

The availability of polyclonal antibody to rat ER 

developed iri Dr~ Gorski' s laboratory (Furlow et al., 1990) 

provided us the opportunity to study the.dynamic changes of ER 

protein. This antibody was developed using a synthetic peptide 

which corresponded to amino acid 270-284 at the hinge region 

of rat ER. 

Many attempts to develop a reliable technique to detect 

ER ·protein in our laboratory had failed. The problems can be 

summarized ·as followings. 

First, we found sample preparation was crucial to avoid 

degradation of ER protein. Aithough the preparation.we used 

for receptor binding assay can measure ER binding activity, it 

cannot maintain the integrity of the ER protein band in 

Western blot. This suggests that even when ER is truncated, 

the tertiary structure of the ligand binding domain is still 
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stable to be able to bind estradiol in receptor binding 

assays. When uteri were homogenized in Tris-SOS buffer using 

a modified procedure of Dr. Gorski's laboratory (Greco et al, 

1990), a single band of ER protein was observed. Fresh uteri 

rather than uteri snapped frozen at -so 0c have to be used to 

prevent the degradation of ER. 

Second, sample storage is also very important. When 

sample was combined with the storage buffer as described in 

Materials and Methods, the integrity of ER band can be 

maintained for a longer time than the samples without storage 

buffer. 

Third, the method of color reaction catalyzed by alkaline 

phosphatase conjugate was very insensitive to detect ER 

protein. Many nonspecific bands were observed. The use of 

Immun-Lite Chemiluminescent Assay Kit (Bio-Rad) greatly 

increased the sensitivity to detect ER protein. Therefore, we 

selected this method in our study. 

Figure 31 depicts the result of ER protein detection by 

Wes~ern blot. A single band (66,000 mol wt) was immunostained 

in uterus, but not in spleen. When the antisera to rat ER was 

preincubated with the peptide antigen, staining was total 

blocked. The result indicates that this band is specific ER 

protein. 

To optimize the sensitivity of ER protein detection, a 

serial dilution of ER antibody was used. The result was shown 

in Figure 32. A 1:750 dilution gave the maximum sensitivity to 



Figure_ 31. Western blot detection of ER protein 

Total protein (100 ug) from spleen (lane 1) and uterus 

( lane 2, 3) were fractionated by 10% polyacrylamide gel 

electrophoresis and transferred to membrane. A 1: 1000 dilution 

of Anti-ER #715 was used in lane 1 and 2. The same dilution of 

Anti-ER #715 in lane 3 was preincubated overnight with excess 

antigen (the synthetic peptide (1 ug/ml)). Immunostaining was 

visualized by Immun-Lite Chemiluminescent Assay kit. Molecular 

weight size markers are shown on the left. 
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Figure 32. Effect of Antibody Dilution on the sensitivity 

of ER Protein Detection 

Serial dilutions of Anti-ER #715 were incubated with 

different membrane strips containing the sa~e amount of total 

protein (100 ug). The amount of ER protein was determined by 

densitometric analysis of ER. band on autoradiograph. 
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detect ER protein. If .the antibody was further concentrated 

(1:500), the sensitivity decreased, because in the presence of 

too much excess antibody, the cross linking of antigen 

molecules by antibody decreased (Benjamini and Leskowitz, 

1991). 

The amount of total protein loaded in the gel is also 

important for the. quantitative measurement of ER protein. When 

25 ug to 200 ug of total protein were loaded on gel, a linear 

relation~hip was'observed between the amount of total protein 

and the band intensity of ER protein as shown in Figure 33. We 
I • . 

choose 100 ug of total protein in our study because the ER 

band became smeared at 200 ug of tota~ protein concentration. 

Effects of Estradiol and Progesterone on the Dynamics of ER 

Protein 

To study whether the changes of uterine ER binding 

activity reflect changes in ER protein, Western blots were 

used to examine the effects of estradiol and progesterone on 

ER protein and the result was compared with that of ER 

binding. Animals were treated with estradiol or estradiol plus 

progesterone as d~scribed in experimental design #3 (Figure 3) 

in the Materials and Methods. 

Figure 34 shows a typical experiment of Western blot 

analysis on the dynamics of ER protein. Results from 5 

experiments are shown in Figure 35. ER protein levels were 

reduced to 35% of the control (i.e. 0 h) at 4 h after· 

estradiol treatment, followed by a gradual increase to the 



Figure 33. Effect of Total Protein Loaded on the 

sensitivity of ER Protein Detection 

Anti-ER #715 (1:750 dilution) was incubated with membrane 

containing different. amount of total uterine protein. The 

amount of ER protein was determined by densitometric analysis 

of ER band on autoradiograph. 
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Figure_ 34. Western Blot Analysis of the Effects of 

Estradiol and Progesterone on ER Protein 

Adult ovariectomized rats were treated with E (estradiol) 

or· E + P (progesterone) ·as described in Figure 3. All lanes 

contain 100 ug protein. Anti-ER #715 (1:750) was used. Immun

Lite ·Chemiluminescent Assay Kit ('Bio-Rad) was used to 

visualize the 66 kDa ER band. Results of a typical experiment 

is shown in this figure. 
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Figure 35. Effects of Estradiol and Progesterone on ER 

Protein· 

ER protein levels were measured by densitometric analysis 

of autoradiographies obtained as Figure 33. Values are Means 

± S.E. of 5 experiments. Statistical analysis by two-way Anova 

revealed significant changes in ER protein with time of. -

hormone treatments (P < 0.01). P significantly altered the 

changes in ER (P < 0.01). There is no interaction between time 

and treatment effects. 
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control level by 20 h. At 20 h, ER protein level did not 

increase above that control level. Progesterone suppressed the 

degree of the replenishment. 

The result clearly indicates that the changes in uterine 

ER binding activity closely reflect the changes in ER protein 

itself. This suggests that the stimulatory effect of estradiol 

on uterine ER processing and · the suppressive . effect of· 

progesterone on ER replenishment reflect the loss of ER 

protein rather than the inactivation of ER. Thus, the 

replenishm~nt phase appears to consist of an increase in new 

ER rather than recycling of "old" ER.· 

·validation of Northern/Slot Blot Technique for Measuring ER 

mRNA. 

Northern blotting was first used to verify that the rat 

ER cDNA probe hybridized to the 6.0 kb ER mRNA transcript and 

the chicken ~-actin cDNA probe hybridized to the 2.0 kb p

actin mRNA. The result is shown in Figure 36. RNA prepared 

from rat testis was used as a negative control for ER mRNA, 

and RNA from T47D human breast cancer cells served.as positive 

control (picture not. shown) • 

Slot blots were then used to quantitatively determine ER 

mRNA and p-actin mRNA levels. The inte~sity of the bands was 

· measured as an arbitrary density unit and expressed as the 

percentage_ of the control (i.e., Oh). 

Figure 37 shows relationship between the amount of total 

RNA loaded arid the sensitivity of detecting ER mRNA and p-



Figure 36. 

Total 

Northern Blot of Uterine .. ER- mRNA. and 8-actin 

mRNA 

RNA was prepared_ from estradiol primed 

ovariectomized rat uterus. Lane 1 and~ are duplidates that 

contain 20 ug of total RNA/Total RNA was electrophoresed on -

1. 5% agarose gel, transferred to membrane. Ra,di.olabeled rat ER 

cDNA probe hybridized to the 6 .. o Kb ER mRNA transcript, and 

the chicken _p-actin cDNA probe hybridized to the 2 .-0 kb p

actin mRNA. 
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Figure 37. Effect of Total RNA Loaded on the .. Sensitivity 

of ER mRNA and 8-actin mRNA Detection 

Different amount of total RNA prepared from rat uterus 

were loaded into slot blot. The density of ER mRNA band (panel 

A) and p-actin - mRNA band (panel B) were determined by 

densitometric analysis of autoradiographies. 
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actin mRNA. A linear relationship was observed when 1.25-15 ug 

of total RNA was loaded. We used 10 ug of total RNA in our 

study. Films were developed at various time points to select 

for optimum densitometric evaluatiqn. 

. Effects of Estradiol and Progesterone on t·he Dynamics of ER 

mRNA 

To study the effects of estradiol and progesterone on the 

dynamics of uterine ER mRNA and to examine the relationship 

between ER mRNA and ER protein changes, animals were treated 

as described in the Experimental design #3 (Figure 3, in 

Materials and Methods). 

Effects of Estradiol and Progesterone on 8-actin mRNA Levels 

studies have shown that a single injection of estradiol 

into immature rats increased uterine ~-actin mRNA levels (Hsu 

and Frankel, 1987; Suva et al., 1991). Iri order to use the~

actin mRNA as a housekeeping gene to correct for the amount of 

RNA loaded, it is very important to make sure that the level 

of ~-actin mRNA is not affected by the treatment of estradiol 

and progesterone in our study. Figure 38 shows that estradiol 

and progesterone had no significant effect on the level of~~ 

actin mRNA (p > 0.05), the large variation of values observed 

may reflect the differences in the amount of RNA loaded. The 

dynamic changes of ER mRNA in response to estradiol and 

progesterone without correction for ~-actin mRNA is displayed 

in Figure 39; the result shows that the changes of ER mRNA are 

not statistically sig~if icant (p > 0. 05) • The levels of ER 



Figure 38. Effects of Estradiol and .Progesterone on 

Uterine 8-actin mRNA 

Adult ovariectomized rats were treated with E ( estradiol) · 

or E + P (progesterone) as described in Figure 3. Slot blots 

were used to measure p-actin mRNA_ at various times after 

hormone replacement. Total RNA (10 ug/sample) was blotted onto 

membrane, incubated with a radiolabeled p-actin cDNA probe • .' 

The levels of p-actin mRNA were determined by. densitometric 

analysis of autoradi_ographies. Two uteri were pooled into each 

sample. Values are Means ± S.E.M. of 3 experiments. 

Statistical analysis by two-way Anova revealed that p~actin 

mRNA levels did not change in response to E and P (p > 0.05). 
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Figure 39. Effects of E and Pon Uterine ER mRNA without 

8-actin mRNA Correction 

Adult ovariectomized rats were treated with E (estradiol) 

or E + P (progesterone) as described in Figure 3. Slot blots 

were used to measure uterine ER mRNA at various times after 

hormone replacement. Total RNA (10 ug/sample) was blotted onto 

membrane, incubated with a radiolabeled rat·ER cDNA probe. The 

levels of ER mRNA were determined by densitometric analysis of 

autoradiographies. Two uteri were pooled into each sample. 

Values are Means ± S.E.M. of 3 experiments.. statistical 

analysis by two-way Anova revealed there was no significant 

changes in ER mRNA after E and P treatment (p > 0.05). 
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mRNA measured as the percent of /3-actin mRNA are shown in 

Figure 40. The result indicates that the standard er~ors of ER 

mRNA are decreased significantly after the correction of p
actin mRNA. Apparently, the amount of total RNA of samples 

were not equally loaded in the experiments. Considering the 

fact that all rats had received 2 day of estradiol-priming in 

our model, it is not surprising that we did not observe a 

significant effect of estradiol on /3-actin mRNA as described 

in immature rats. Therefore, the levels of ER mRNA expressed 

as the percentage of /3-actin.mRNA were used in our dynamic 

study. 

Effects of Estradiol and Progesterone on ER mRNA levels 

Figure 40 displays the effects. of estradiol and 

progesterone on the dynamics of ER mRNA. Estradiol suppressed 

ER mRNA to 40% of the control (i.e. Oh) at 8 h, followed by 

a gradual increase to the control level by 20 h, but did not 

increase the ER mRNA level above that of the control. 

Progesterone had no effect on the ER mRNA 'levels at any of the 

time points studied. 

Thus, estradiol downregulated uterine 'ER protein 4 h 

earlier than. ER mRNA. Progesterone suppressed uterine ER 

replenishment but had no effect on ER·mRNA levels at- any of 

the time points studied. This suggests that the stimulatory 

effect of estradiol on ER processing and the inhibitory effect 

of progesterone on ER replenishment do not appear to involve 

the regulation of steady state ER mRNA levels. The mechanism 



Figure 40. Effects of E and Pon Uterine ER mRNA after 8-

actin mRNA correction 

Uterine ER mRNA and P-actin mRNA were measured as 

described in figure 38 and 37. The levels of ER mRNA were 

corrected as the percentage of p-actin mRNA. The results are 

then expressed as the percentage of control .(i.e., oh). Two 

uteri were pooled into each sample. Values are· Means ± s .-E. of 

3 experiments. Statistical analysis by two-way _Anova revealed 

significant changes in ER mRNA with time of E treatment (p < 

0.01). P did not alter the changes in.ER mRNA (p > 0.05). 
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of ER mRNA decrease 8 h after estradiol remains to be 

determined. 



DISCUSSION 

Role of Microsomal Estrogen Receptor in Uterine Estrogen 

Receptor Dynamics 

The presence of ER in.the uterine microsomal fraction has 

been known for some time. (Noteboom and Gorski, 1965) but has 

been the subject of only limited studies. The major focus on 

estrogen action has been on the nucleus and processes such as 

the effect of estrogen-ER complex on· gene expression and 

changes in subunit configurations, phosphorylation

dephosphorylation phenomena, and modifica'tion of receptor 

turnover. 

Microsomal ER was characterized by ·discrete 

subfractionation of its components on sucrose gradients, with 

simultaneous assay of estrogen binding capacity and marker 

enzyme activity. The result indicates that most of the binding 

is localized on the endoplasmic reticulum and polysomes 

(Muldoon et al., 1988; Evans, 1990). Electron. microscope 

analysis, further confirmed this finding (Evans, 1990). 

Several studies show · that ER in microsomes has high 

affinity and saturable binding sites for estradiol, but 

differs in some physical properties from the ER localized in 

the nucleus (Watson and Muldoon, 1985; Muldoo·n et al., 1988). 

Microsomal ER binding activity varies after estradiol 

l 118 
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stimulation (Noteboom and Gorski, 1965; Watson and Muldoon, 

1985). However, because microsomal ER only comprises 5--10% of 

total estrogen binding capacity, it has been ignored in most 

studies of estrogen receptor dynamics. The microsomal ER has 

been assumed to play various roles in the cellular economy of 

ER and is purported to support extranuclear actions of steroid 

hormones (Muldoon, 1985; Muldoon et al., 1988) • Several 

possible roles of ~icrosomal ER have been proposed: a) it 

modulates the nuclear uptake of estrogen; b) it binds to 

estrogen, then estrogen-ER complex diffuses to other 

extranuclear sites to exert __ non-genomic e·ffects; c) · it 
-

regulates nuclear ER by acting as the acceptor sites for free 

or loosely bound nuclear complexes ; d) it represents newly 

synthesized ER (Muldoon e.t al. , 1988; Steinsapir and Muldoon, 

1991). 

Since. microsomal ER dynamics have not been taken into 

account in steroid hormone action, we have further studied the 

role of microsomal ER by focusing on the well-known actions of 

estradiol and progesterone on u_terine ER dynamics in · the 

ovariectomized estradiol-primed rat model. The objectives.were 

to explore the role of uterine microsomes in mediating the 

effects of estradiol and progesterone on uterine ER dynamics, 

and to study the role.of microsomal ER as a regulatory site in 

modulating nuclear ER and cytosolic ER pools. 

Because microsomal ER exists i-n the endoplasmic reticulum 

and polysomes which are the machinery for protein synthesis, 



and microsomal ER has similar ·estradiol 
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binding 

characteristics as cytosolic and nuclear ER, we hypothesized 

that microsomal ER is nascent ER. 

We found that the binding characteristics of microsomal 

ER were similar to that of cytosolic ER and nuclear ER. It 

exhibited high affinity (Kd = 0.2 nM), low capacity 

(saturability) and specificity for estradiol. Progesterone had 

no binding affinity for microsomal ER ~hich contrasts with two 

other studies (Watson and Muldoon, 1985; Evans-; 1990) • Our 

finding that progesterone cannot compete with estradiol for ER 

provided us an opportunity to examine the role of microsomal 

ER by injecting progesterone into estradiol--primed 

ovariectomized rats. 

Progesterone has been found to inhibit nuclear ER 

retention and cytosolic ER replenishment (Evans et al., 1980b; 

Hsueh et al., 1976). Its action on microsomal ER is unknown. 

We expected that microsomal ER should be inhibited by 
r 

progesterone earlier than cytosolic ER if it represents newly 

synthesized ER. Examination of uterine ER dynamics revealed 

that cytosolic and microsomal ER were virtualiy all unoccupied 

by estradiol in vivo. Injecting estradiol into estradiol

primed ovariectomized rats, a typical pattern of depletion and 

replenishment was observed in both cytosolic and microsomal 

ER. Cytosolic and microsomal ER depl_eted to nadir at 4 h 

followed a gradual. recovery z:eaching a peak at 20 h. The 

inhibitory effect of progesterone on cytosolic ER 
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replenishment was observed at 8 . h post injection. The 

responsive pattern of total uterine ER binding after· e_stra.diol 

. and progesterone treatment was very similar to that of 

cytosolic ER. However, microsomal· ER was suppressed by 

progesterone throughout the entire time period on day 3 after 

hormone replacement. The fact that microsomal ER was inhibited 

by progesterone much earlier than cytosolic ER and total 

uterine ER supports our hypothesis that microsomal ER is a 

source of nascent ER. 

Another line of evidence on the role of microsomal ER was 

provided by examining the effect of delayed progesterone 

administration on uterine ER. We proposed that progesterone 

would be less able to antagonize estradiol action on ER, if it 

was sufficiently delayed after estradiol. If microsomal ER is 

nascent receptor, it should be most sensitive to this 

progesterone delay. When progesterone was delayed for as 

little as 4 h after estradiol, it was less able to suppress 

microsomal ER and had no effect wi:ten given 16 h after 

estradiol. On the other hand, cytosolic ER was ~uppressed by 

progesterone no matter when it was.injected. Nuclear ER was 

less sensitive to progesterone inhibition only when it was 

administered 16 h after · estradiol. The observation that 

microsomal ER was most sensitive to progesterone delay again 

support microsomal ER represents nascent ER. 

Further· confirmation of microsomal ER as nascent prot·ein 

cam·e from the comparison of ER level at the time of 
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progesterone administration and ER level at 20 h. Delayed 

progesterone injection did not reduce microsomal ER but 

decreased cytosolic and nuclear ER below the existing level at 

the time of progesterone injection. When progesterone was 

delayed 16 h after estracUol, it allowed microsomal ER 

increase to the same level of the estradiol treated group. 

This suggests that the mechanism of progesterone action on 

microsomal.ER appears to be different from that of· cytosolic 

and nuclear ER. Progesterone seems to inhibit microsomal ER by 

blocking the stimulatory effect of estradiol on microsomal ER 

synthesis. 

Microsomal ER as a precursor of nuclear and cytosolic ER 

has been suggested by some studies (Little et al., 1972, 1973, 

1975). It has been found that ER._in.pig uterine ~ndoplaimic 

reticulum was a 3. 5S basic ·monomer and could. ·be transformed by 

estradiol under elevated temp~rature to a 4.5S dimer. This 

transformation was similar to that ot acidic cytosolic ER 

which exhibited an estradiol-induced 4S monomer to 5S dimer 

transformation. Further study indicated that the basic 

microsomal ER was the precursor of the acidic cytosolic ER 

(Jungblut et al., 1980). The same group of investigators 

further determined that rough endoplasmic reticulum·contained 

exclusively basic ER while smooth endoplasmic reticulum was 

rich in acidic ER (Szendro et al., 1983). However, these 

studie·s were performed in the absence of protease inhibitors, 

so that it was possible that the small basic form of 
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microsomal ER was a proteolytic product. Study in rat uterus 

also suggested that all microsomal ER were acidic -proteins 

(Watson and Muldoon, 1985). Nevertheless, additional evidence 

for the precursor role of microsomal ER was given by exposing 

isolated porcine endometrial cells to estradiol in the 

presence or absence of limiting amounts 
l 

of puromycin 

(Sierralta et al., 1987). It was found that new ER was 

synthesized in the rough endoplasmic reticulum followed by a 

post-translational finishing and deposition in the smooth 

endoplasmic reticulum. ER then translocated from there into 

nucleus in a 1:1 ratio in response to estradiol treatment. Our 

finding supports the precursor-product relationship between ER 

in the microsomes and ER in the nucleus. However, our study 

cannot give the direct confirmation because. microsomal ER 

measured by the receptor binding assay represents a steady 

state level at a given time. This level reflects a balance 

among the ER synthesis, migra.tlon and ·4eg:radation. 

A well known effect of estrogen is to inqrease the rate 

of synthesis of protein in the uterus of ovariectomized rats 

(Noteboom and Gorski, 1963; Means and Hamilton, 1966). Many of 

these studies suggest that the estrogen- effect on protein 

biosynthesis is secondary to its effect on transcription of 

specific genes. However, post-transcriptional site of estrogen 

action has also been described such as vitellogenin mRNA 

stabilization (Brock and Shapiro, 1_983). The rapid and 

selective accumulation of affinity-labeling agent, 4-mercuri-
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17P-estradiol (4ME) in microsomes suggests an extra-nuclear 

site of estrogen action (Muldoon and Warren, 1969; Muldoon, 

1980). This compound does not induce activation of the ER 

(i.e., increased affinity for DNA, whole chromatin or cell 

nuclei) in spite of possessing potent estrog~nic activity. 

Estrogen also appears to affect the efficiency of the 

ribosomal· translational system by increasing the rate of 

peptide elongation on active ribosomes (Whelly and Barker, 

1974; Rasmussen et al., 1988). ER is among those proteins 

regulated at both the transcriptional and translational levels 

by estrogen (Rasmussen et al., 1988) etc. Thus, there is ample 

reason to expect the ER to be regulated in_ the microsomes. 

The present study on the regulation of microsomal ER 

dynamics. by estradiol and progesterone found that microsomes 

are possible extra-nuclear sites of action for these steroid 

hormones. There was a sharp increase of occupied microsomal ER 

1 h after estradiol injection. This increase coincided with 

nuclear ER accumulation. This suggests that estradiol directly . 

binds to ER not only in the nucleus but also in the microsomes 

after entering the target cells. Nuclear ER accumulation after-

1 h of estradiol has been known as the consequence of 

concomitant cytosolic ER depletion upon es-tradiol binding 

(Hsueh et al., 1976). Microsomal ER accumulation may reflect 

the ·early stimulatory effect of estradiol on peptide 

elongation as described by Whelly and Barker (1974 and 1982). 

They found that injecting estradiol into ovariectomized rats 
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for 1 h increased the rate of peptide elongation on uterine 

ribosomes in a cell _free system; this effect of estradiol is 

actinomycin D insensitive, suggesti~g it was not through gene 

activation. Removing ribosome associated-protei!} in control 

rats increased the rate of peptide elongation to the level of 

estradiol-treated rats. This indicated that the early effect 

of estradiol was to remove a ribosomal associated inhibitory 

factor. They further found that the effect of this inhibitor 

was to modify the selec~ed tRNAs (Whel_ly and Barker, 1985). 

Unoccupied ER in the ribosomes ' may directly or indirectly 

inhibit peptide elongation. The occupancy of ER by estradiol 

removed this inhibitory effect (Labate et al., 1986). Our 

finding of early increase in occupied microsomal . ER also 

suggests a direct early extra-nuclear effect of estradiol on 

microsomes. The decrease of microsomal ER after early 

accumulation may reflect its migration into the nucleus, being 

degraded or inactivated through a similar mechanism of nuclear 

ER "processing" after estradiol action. The recovery of 

microsomal ER at a later phase appears to represent receptor 

synthesis. Furthermore_, the inhibitory effect of progesterone 

on microsomal ER also appears to be an extra-nuclear effect 

since it was observed very early (starting· at 1 h post 

injection) as described earlier. 

In summary, this study shows that microsomes in rat 

uterus contain highly specific ER for· estradiol. Progesterone 

cannot alter the binding parameters of uterine ER. Microsomal 
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ER was stimulated by estradiol and responded earlier to the 

inhibitory effect of progesterone than cytosolic ER. 

Microsomal ER was also most sensitive to delays in 

progesterone administration. Delayed progesterone injection 

did not reduce microsomal ER but decreased cytosolic and 

nuclear ER below the existing level at the time of 

· progesterone injection. These findings lead to the conclusions 

that uterine microsomes are important extra-nuclear control 

points for estradiol a·nd progesterone interaction; microsomal 

ER appears to represent newly synthesized receptor protein 

which is enhanced by estradiol and suppressed by progesterone. 

Progesterone action appears to inhibit the synthesis of 

microsomal ER by blocking estradiol action. 

Regulatory Mechanisms of Estradiol and Progesterone on uteri•ne 

Estrogen Receptor Dynamics• 

The control of uterine ER 'is regulated by the complex 

interplay of estrogen and progesterone. Estrogen stimulates 

the synthesis of its own receptor (Sarff and Gorski, 1971; 

Katzenellenbo~en_, 1980; Campen and Gorski, 1986) .• This effect 

is probably mediated by stimulation of gene expression and 

·enhanced translation of nascent ER protein. The antagonistic 

inter~ctions of progesterone on the cytosolic and nuclear ER 

have been much studied (reviewed by Kassis and Gorski, 1983; 

Leavitt et al., 1987)'. However, the regulatory mechanisms of 

estradiol and progesterone action on ER are still 

controversial. The stimulatory effect of estradiol on ER 
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processing and the inhi~itory effect of progesterone on ER 

replenishment may include inhibition of ER synthesis, 

stimulation of ER turnover or inactivation of ER (cannot bind 

E). The replenishment of_ ER may reflect the recycling of "old" 

receptor or synthe~is of new receptor. These controversies are 

mainly due to the fact that studies in the literature on 

uterine ER dynamics in vivo were based on the detection of 

receptor steroid binding properties. ·This kind of study can 

only give indirect information about the fate of receptors. 

Moreover, there is little information about the relationship 

between the dynamics of uterine ER protein and ER mRNA in 

vivo. 

The objectives of the present study were to compare the 

dynamics· of uterine ER binding activity, ER protein and ER 

mRNA in response to estradiol and progesterone, and to explore 

the possible regulatory mechanisms of estradiol . and 

progesterone on uterine ER. The recent developments of 

antibody against rat ER (Furlow et -al., 1990) and rat ER cDNA 

(Koike et al., 1987) provide us an opportunity to take this 

approach. The regulatory mechanisms of estradiol and 

progesterone on uterine ER have been studied by others through 

injecting these steroid hormones into immature or adult 

castrated rats (with or without estradiol-priming) . The animal 

model used in the present study was estradiol-primed 

ovairiectomized adult rats. This is because the effects of 

progesterone on ER is mediated through PR (Walter and Clark, 
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1979; Leavitt et al., 1983), and the synthesis of PR is 

dependent upon estradiol (Horwitz and McGuire, 1978; Walter 

and Clark; 1979). In the absence of estradiol priming, 

progesterone cannot e·xert its effect (Fuentes et al., 1990a). 

The injected doses of estradiol (2 ug/rat, in corn. oil) and 

progesterone (2.5. mg/rat in propylene glycol) are considered 

to be supraphysiological. These doses of estradiol and 

progesterone have been used by others to study the regulatory 

mechanisms of estradiol and progesterone on uterine ER in vivo 

(Hsueh et al., 1976). In order to compare our study with the 

reports in the literature, we selected these doses. The 

_vehicle for estradiol was corn oil because it can maintain 

serum estradiol level longer. Propylene glycol was used as a 

vehicle for progesterone injection because progesterone 

precipitated in corn oil. 

Examination of the dynamics of uterine ER binding 

activity revealed that within 1 h of injection, estradiol· 

stimulated nuclear ER accumulation associated with concomitant 

cytosolic ER depletion so that total uterine ER did not 

change. This is consistent with.the concept that cytosolic ER 

becomes tightly associated in the nucleus upon estradiol 

binding. This nuclear· ER accumulation· was mainly in the 

occupied form which is the biologically active form. Further 

study by Western blot and slot blot confirmed that ER protein 

and ER mRNA did not change at this time. We also observed a 

second rise in unoccupied nuclear ER which is consistent with 
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the reports in the literature (Cidlowski and Muldoon, 1978.; 

Korach and 'Ford 1978; Korach, 1979; Beckman et al., 1989). 

This second·rise of nuclear ER may reflect the increase of ER 

synthesis. Progesterone had no effect on the initial 

accumulation but inhibits the nuclear ER retention or both 

forms. Nuclear ER retention has been found to be a ·key factor 

for long term effect of estradiol such as uterine fluid 

accumulation and uterine growth (Clark et al., 1973; Clark et 

al., 1979). This inhibitory effect of progesterone on nuclear 

ER retention is consistent with the observation of decreased 

synthesis _ of estrogen dependent proteins in progesterone

dominant uterus, such as pregnancy and pseudopregnancy 

. (Leavitt et · al., 1983) • Further study with delayed 

-progesterone treatment indicated that no matter when 

progesterone was administered after estradiol," it suppres$ed 

nuclear ER below the existing level at the time of 

progesterone injection. The rate of nuclear ER disappearance 

was dependent upon the level of ER at the time. of progesterone 

injection. The higher the l~vel of ER, the faster the rate of 

ER decrease. This suggests that the effect of progesterone on 

nuclear ER may involve an induction of a protease or factor 

which stimulates ER turnover. It has been proposed that 

progesterone may induce an acid phosphatase, so called 

"estrogen receptor· regulatory factor" (MacDonald et al., 

·' 1982a; Leavitt et al., 1987). This factor may modify nuclear 

acceptor proteins and impede nuclear ER binding to chromatin. 
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Without binding to its nuclear acceptor site, nuclear ER 

becomes more accessible to proteolysis (Leavitt et al., 1987). 

Our findings seem to fit this theory. 

Receptor processing has also been observed in our study. 

Nuclear ER_binding activity decreased after 1 h of estradiol 

injection and returned to near basal level at 4 h. Cytosolic 

ER depleted to nadir at the same time (4 h) which led to a 

total ER loss to 30% of the basal l~vel (Oh)~ 

Processing in the literature refers to the loss of 

detectable binding.of estradiol by ER (Horwitz and McGuire, 

1978a, 1978b). Therefore, it may reflect a loss of ER protein 

·and/or a ioss of estradiol binding ability of ER. There has 

been no direct evidence for the loss of uterine ER protein in 

processing reported in the literature. The evidence for 

receptor inactivation came from the observation that 

molybdate, a phosphatase inhibitor, inhibited nuclear ER 

binding loss in vitro (Auricchio et al., 1981). Treatment of 

ER depleted cytosol with ATP regenerated ER binding 

(Migliaccio and Auricchio, 1981). These observations suggest 

that the process of ER binding activation and inactivation is 

reversible throug·h phosphorylation-dephosphorylation 

mechanism. 

In order to further study the mechanism of processing, we 

measu_red the dynamic changes of total uterine ER protein by 

-Western blot analysis. The result indicated that estradiol 

suppressed ER protein to 35% of the basal level at 4 h which 
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corresponded to the change . in ER binding. Thus, proc·essing 

appears to involve ER protein loss rather thap ER 

inactivation. This protein loss can be due to a decrease of ER 

synthesis and/or an increase of ER degradation. Further study 

revealed that ER mRNA was maintained at a constant level until 

4 h post estradiol injection. This suggests that the 

stimulatory effect of estradiol on ER processing at 4 h post 

injection does _not involve the regulation of steady state 

level of ER mRNA. Since processing occurs very rapidly (within 

4 h) and ER has a half life of 2-4 h (Nardulli and 

Katzenellenbogen, 1986; Campen and Gorski, 1986), it is 

possible that processing involves a decrease in ER synthesis 

through a post transcriptional event, or more likely is caused 

by the irreversible utilization (used up) of ER after 

estradiol action. Because the concentration of ER proteins is 

a key factor determining the target cell sensitivity to 

estrogen (Katzenellenbogen, 1980), the down-regulation of ER 

by estradiol suggests that estradiol itself may regulate the 

target cell sensitivity to estradiol to avoid cell over 

response. We found that progesterone had no effect on ER 

protein and ER mRNA at 4 h after hormone replacement. This 

suggests that progesterone does not influence the processing 

which is consistent with the reports in the literature. 

A classic-pattern of processing followed by cytosolic ER 

replenishment-was also observed in the present study. After 

the depletion phase, cytosolic ER gradually returned ~o the 
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basal level at 16 h followed by a continued increase to 1.3-

fold above the basal at 20 h in estradiol treated group. 

It has been found that cytosolic ER replenishment is 

necessary for the target tissue to respond .the subsequent. 

estrogen treatment (Anderson et al., 1974). Therefore, it i~ 

important to understand the mechanism of replenishment. 

Replenishment has been described to consist of new ER 

synthesis and/or "old" ER recycling. The recovery of ER to the 

basal level (level · at O h) after estradiol treatment was 

considered to represent the recycling of "old" ER and the 

continued increase or "overshoot" above the basal was due to 

the synthesis of new ER (Hsueh et al., 1976). The evidence for 

the involvement of protein synthesis stems from the protein 

synthesis inhibitor studies. Cycloheximide has been· found to 

inhibit replenishment (Jensen et al., 1969). Further studies 

found that cycloheximide was effective only when it was given 

at a time very close to estradiol administration (Sarff and 

Gorski, 1971; Cidlowski.and Muldoon., 1978). It had no.effect 

if given 6 h after estradiol while ER level was· still low 

(Sarff and Gorski,. 1971). This suggests that ER was 

synthesized in an inactive form which then slowly became 

activated. However, this kind of study is very indirect 

because cycloheximide has also been
1 
found to keep ER in the 

nucleus (Horwitz and McGuire, 1978; Sica et al., 1981) so that 

recycling could not occur. Another complicating factor is that 

cycloheximide can increase ER half life (Nardulli and 
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Katzennellenbogen, 1986; Campen and Gorski,· 1986), suggesting 

that it may also inhibit the synthesis of degradation enzymes. 

The evidence for recycling came from the study of injecting a 

short-acting ~strogen, 16a-estradiol, which was known to 

dissociate rapidly from ER. The replenishment of cytosolic ER 

was completed rapidly alter 16a-estradiol injection and it 

could not be inhibited by cycloheximide, suggesting that 

replenishment was entirely due to recycling (Kassis and 

Gorski, 1981). However, this study cannot exclude the 

possibility that the replenishment was caused by the 
{ 

activation of ER from an inactivated pool. 

More evidence for recycling came - from the study _ of 

progesterone action on ER. It has been found that progesterone 

allowed ER to return to the basal level but no overshoot 

observed, indi9ating that progesterone inhibited new .ER 

synthesis but allowed the .recycling of "old" ER .. The 

"overshoot" period of ER represented the synthesis of ER and 

the early phase of ER returning to basal reflected the 

recycling, suggesting · that replenishment cons~sted of two 

phases (Hsueh et al., 1976, Bhakoo and Katzemenellenbogen, 

1977) • We found that there was an "overshoot" of total uterine 

ER binding at 20 h, which mainly consisted of cytosolic ER. 

However, ER protein measured by Western blot did not increase 

above the basal level (0 h) at 20 h. Total uterine ER protein 

increased from 8-20 h, ~uggesting that the entire 

replenishment phase consists of synthesis of _new ER rather 
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than recycling of. "old" ER. Therefore, our finding do not 

support the concept that the replenishment consists of two 

phases. 

The changes of steady state levels ,of ER mRNA did not 

parallel the chariges in ER protein. Estradiol suppressed ER 

mRNA to 40% of the basal (0 h) level at 8 h which lagged 4 h 

behind the decrease in ER protein. ER mRNA then gradually 

recovered to the basal level by 20 h. The physiological 

meaning of this decrease of ER mRNA remains unclear. 

Supraphysiological dose of estrogen has been found to decrease 

ER mRNA levels in rat uterus (Shupnik et al., 1989, Rosser, 

1991), in chicken oviduct (Maxwell et al., 1987). 

Physiological dose of estradiol has been reported to increase 

ER mRNA in mouse uterus (Bergman et· al., 1992). These 

observations indicate that estrogen concentration may be 

important in determining the target tissue responsiveness of 

estrogen. The dose of estradiol used in our study is 

supraphysiological and the decrease of ER mRNA level observed 

is consistent with the reports in the literature. Since the 

steady state level of ER mRNA reflects a balance among its 

synthesis, post-transcriptional modification, degradation and 

nuclear-cytoplasmic transport, it is possible that 

transcriptional and. post-transcriptional events are 

differentially sensitive to estradiol. Physiological 

concentrations of estradiol may stimulate the transcription of 

ER gene more. than the turnover of ER mRNA, while higher 
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concentration of estradiol may have opposite effect. This will 

protect the tissue sensitivity to estradi<?l · However, the 

present study only examined the steady state level of ER mRNA, 

so that the nature of dynamic changes in ER mRNA is unknown. 

Nevertheless, the dissociation of the changes between ER 

protein and ER mRNA suggests that the steady-state level of ER 

mRNA is not a rate limiting factor in determining the 

expression of ER after supraphysiological dose of estradiol. 

An inhibitory effect. of progesterone on cytosolic ER 

replenishment was observed in our study. Progesterone 

significantly inhibited the degree of the replenishment after 

8 h of injection with the greatest inhibition at 20 h (only 

35% of estradiol-treated group). Progesterone allowed only 

partial recovery of the cytosolic ER to·about 60% of the basal 

level. It has been reported that the degree of ER 

replenishment depends on the serum progesterone concentration. 

Pharmacological dose of progesterone can totally block the 

replenishment, whereas physiological dose can only partially 

block it (Okulicz, 1989). The present study with delayed 

progesterone administration revealed cytosolic ER was 

suppressed by progesterone no matter how long progesterone was 

injected after estradiol (4-16 h). An increased cytosolic ER 

disappearance was found with the increasing concentrations of 

cytosolic ER at the time of progesterone injection. This 

suggests · that the action of progesterone on cytosolic ER 

appeared to involve an induction of a protease. The·effect of 
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progesterone on total uterine ER was very similar to that on 

cytosol ER because cytosolic ER contributed 50-85% of total 

uterine binding. Western blot analysis of the dynamic changes 

of total uterine ER protein indicated that the inhibitory 

effect of progesterone on uterine ER replenishment invol_ved 

the loss of ER protein rather than the inactivation of ER. 

Further study on the dynamic chan~es of s~eady state ER mRNA 

indicated that progesterone had no effect on the levels of ER 

mRNA at any of the time points studied. 

So far, little is known about the effect·of progesterone 

on ER gene expression. It has been found that progesterone 

administration in vivo transiently increases ER mRNA level in 

chicken oviduct (Maxwell et al., 1987). Progestin R5020·can 

partially antagonize the down~regulatory effect of estradiol 

on ER mRNA in MCF-7 hUlllan breast cancer cells (Read et al., 

1989). Progesterone inhibits the level of ER mRNA but not the 

half Life of ER mRNA in T47D human breast cancer cells, 

suggesting that progesterone may inhibit ER gene transcription. 

(Alexander et al., 1990). Progesterone had no effect on ER 

mRNA levels in rat uterus (Rosser, 1991; this study, Figure 

40) • 

In the present study, the mechanism of progesterone 

induced loss of ER protein during the replenishment phase 

seems rather complicated. As discussed earlier, progesterone· 

inhibited nuclear ER. This can lead to a decrease in ER gene 

expression and subsequently reduced ER synthesis. However, the 
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fact that the levels of ER mRNA were not reduced by 

progesterone treatment did not support progesterone inhibited 

ER through blocking the ER gene expression. Moreover, 

progesterone appeared to inhibit the synthesis of microsomal 

ER by blocking estradiol action~ This effect occurred very 

early and seemed to be an extra-nuclear event. Additionally, 

progesterone may induce an enzyme to degrade ER. These 

observations suggest that the inhibitory effect of 

progesterone on ER may involve inhibition of translation rate 

of ER mRNA or stimulation of the degradation rate of ER 

protein. 

The interaction between estradiol and progesterone on 

uterine ER can be summarized as follows: estr.adiol stimulated 

accumulation and retention of occupied nuclear ER; 

progesterone inhibited this retention but had no effect on the 

initial accumulation; estradiol stimulated ER processing 

followed by. replenishment; progesterone. had no effect on 

processing but inhibited replenishme~t; the rate of cytosolic 

and nuclear ER decrease was dependent upon the concentration 

of ER qt the time of progesterone injection; the chan_ges in 

uterine ER binding closely reflected the changes in ER protein 

its~lf; estradiol decreased uterine ER protein at 4 hand ER 

mRNA at 8 h; progesterone suppressed uterine ER replenishment, 

but had no effect on ER mRNA levels at any of the time points 

studied. 

J 
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Thus, the regulatory mechanisms of estradiol and 

progesterone on uterine ER can be summarized as follows: the 

stimulatory effect of estradiol on uterine ER processing and 

the suppressive effect of progesterone on ER replenishment 

reflect the loss of ER protein rather than the inactivation of 

ER; the replenishment phase appears to consist of an increase 

in new ER rather than recycling of "old" ER. Therefore, 

estradiol action appears to lead to the irreversible 

utilization of• ER and eventual synthesis of new ER. 

Progesterone seems to stimulate nuclear· and cytosolic ER 

degradation, perhaps, by inducing an enzyme or a factor. The 

level of ER protein is not dependent on the level of ER mRNA; 

the stimulatory effect of estradiol on ER processing and the 

inhibitory effect of progesterone on ER replenishment do not 

appear to involve regulation of steady state ER mRNA level~. 

Hence, other mechanisms, such as _regulation of translation 

rate of existing mRNA and changes in the rate of degradation 

of ER proteins are more likely involved. 



SUMMARY 

The regulation of estrogen receptor (ER) by estrogen and 

progesterone in the uterus plays a key role during the female 

reproductive cycle and pregnancy. However, the mechanisms of 

this regulation are not fully understood. The objectives of 

the present study were to investigate the role of microsomal 

ER in uterine ER dynamics and to examine the mechanisms of ER 

processing and replenishment after estradiol and progesterone 

treatment. 

Adult estradiol-primed ovariectomized rats were treated 

with estradiol and progesterone. Uterine tissues were 

collected at intervals after hormone replacement. Uterine ER 

binding in subcellular fractions was measured by receptor 

binding assay. Total uterine ER protein was determined by 

Western blot. ER mRNA was measured by Northern and slot blots. 

The results showed that microsomes in rat uterus 

contained highly specific ER for estradiol. Progesterone 

cannot alter the binding parameters of uterine ER. Microsomal 

ER was stimulated by estradiol and responded earlier to the 

inhibitory effect of progesterone than cytosolic ER. 

These findings lead to the conclusions that uterine 

microsomes are important extra-nuclear control points for 

estradiol and progesterone interaction; microsomal ER appears 

139 
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to represent newly synthesized receptor protein which is 

enhanced by estradiol and suppressed by progesterone, 

progesterone appears to inhibit the synthesis of microsomal ER 

by blocking estradiol action. 

Examination of the mechanisms of estradiol and 

progesterone on uterine ER-revealed that estradiol stimulated 

accumulation and retention of occupied nuclear ER. 

Progesterone inhibited this retention but had no effect on the 

initial accumulation. Estradiol stimulated ER processing 

followed by replenishment. Progesterone had no effect on the 

processing but inhibited the replenishment. The rate of 

cytosolic and nuclear ER decrease after progesterone treatment 

was dependent upon the concentration of ER at the time of 

progesterone administration. The changes in uterine ER binding 

closely reflected the changes in ER protein itself. ~stradiol 

decreased uterine ER protein at 4 ~ and ER ·rnRNA at 8 h. 

Progesterone suppressed uterine ER replenishment, but had no 

effect on ER mRNA leyels at any of the time points studied. 

Thus, the regulation of estradiol and progesterone on 

uterine ER dynamics includes the following: estradiol 

stimulates uterine ER processing and progeste_rone suppresses 

ER replenishment, these .actions reflect loss of ER pro~ein 

rath~r than an inactivation of ER (unable to bind estradiol). 

The replenishment phase appears to consist of an increase in 

new ER rather than recycling of 11 0,ld" ER. Therefore, estradiol 

action appears to lead to the irreversible utilization of ER 
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and eventual synthesis of new. ER. Progesterone seems to 

stimulate nuclear and cytosolic ER degradation,· perhaps, by 

inducing an enzyme or a factor. The level of ER protein is not 

dependent on the level of ER mRNA. The stimulatory effect of 

estradiol on ER processing and the inhibitory effect of 

progesterone on ER replenishment do not appear to involve 

regulation of the steady state ER mRNA levels. Hence, other 

mechanisms, such as regulation of translation rate of existing 

niRNA and changes in the rate of degradation of ER proteins are 

more likely involved. 
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