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INTRODUCTION

steroid hormones play a significant role in stimulating
and maintaining the internal physiological milieu of their
respective target tissues.

Classically, the responsiveness of

a tissue to a particular hormone is dictated by the presence
of a high affinity, intracellular receptor specific for that
given hormone (Katzenellenbogen, 1980; Muldoon, 1980a, 1985).
These

receptor

proteins

are

responsible

uptake and binding of the steroid.

for

preferential

Consequently, the hormonal

signal is translated into the corresponding cellular response.
The mechanism ( s) whereby steroid hormones exert their biochemical

actions

through

the

interaction

with

intracellular

receptors has received intensive investigation over the past
several decades.

Briefly, steroid hormones diffuse passively

through the plasma membrane lipid bilayer and interact with
their respective receptor (Gurpide and Welch, 1969; DeHertogh
et al., 1971; Tseng et al., 1972; Muller et al., 1977; Pavlik
and Katzenellenbogen,

1978).

Ligand binding initiates the

transformation and activation of receptor to a state which
exhibits high affinity for genomic elements (Thrall et al.,
1978; Grody et al., 1982).

Steroid hormone receptor complexes

bind,

specific

preferentially

to

DNA

sequences,

termed

"Hormone Regulatory Elements" or HREs, and either activate or
inactivate specific genes

(Katzenellenbogen,
1

1980; Walters,

1985; Ringold, 1985; Yamamoto, 1985; Spelsberg et al., 1987;
Moudgil, 1987).

The selective modulation of gene transcrip-

tion and the production of new mRNAs by a
hormone is cell specific.

given steroid

Translation of these mRNAs alters

the amount of specific proteins which leads to tissue responses characteristic of that hormone.
This dissertation is concerned with multiple aspects of
estrogen action and is divided into three parts.
part examines the

effect of estradiol

The first

on human monocyte;

macrophage cell lines, U937 and THP-1, in order to explore the
beneficial

effects of estrogens

in regulating

levels in pre-menopausal women.
whether

estrogen

binding

to

mandatory for hormone action.

cholesterol

The second part examines

it's

classical

receptor

is

The third part examines the

role of synthesis and processing

(degradation and hormone

receptor complex utilization) of the estrogen receptor during
turnover after exposure to steroid.

The three topics of this

study are closely interrelated in the overall mechanism of
estrogen

action,

nevertheless

they

are

three

discretely

separate aspects of estrogen action.
ESTROGEN REGULATION OF mRNAs FOR THE LDL RECEPTOR AND APOLIPOPROTEIN E IN MACROPHAGES

The first project addresses physiologically, the epidemiological finding that the presence of estradiol in premenopausal females exhibits a protective effect against the
development of atherosclerosis

(Deeley et al.,

1985).

In

conjunction with high estradiol levels, females generally have

3

lower

low-density

lipoprotein

density lipoprotein (HDL)
atherosclerotic

risk

than

(LDL)

levels and
men

and

levels,

a

higher

high-

concomitantly lower

their

post-menopausal

counterparts (Parrish et al., 1967; Hjortland et al., 1976;
Kannel et al., 1976; Bengston et al., 1983; Colditz et al.,
The precise level of control and the mechanism by

1987).
which
levels

estrogen

exerts

has previously

it's positive
received

influence on

LDL/HDL

limited

investigation.

A

handful ' of studies have demonstrated a

possible site

for

estradiol regulation in hepatic tissues and cell lines.

17a-

Ethinyl estradiol administration was shown to increase LDL
receptor

(LDLR) mRNA and LDLR protein synthesis in hepatic

tissues from rodents and rabbits (Ma et al., 1986), resulting
in a profound reduction in total plasma cholesterol levels
(Hay et al. ,

1971) .

At the peripheral level,

one of the

several compensatory mechanisms utilized by the body to deal
with atherosclerotic plaque

formed within the arterial walls

involves the invasion of intima sites of endothelial damage by
resident macrophages or those derived from blood monocytes
(Mahley,

1982) .

These macro phages act as scavenger cells,

ingesting large amounts of cholesterol in the form of LDL via
the cell surface LDLR (Brown and Goldstein, 1983, 1985).

The

cholesterol may then be stored and later secreted to an HDL
acceptor molecule which carries· the sterol to the liver for
it's ultimate excretion into the bile (Mahley, 1979).
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Specific Aim #1
The

first

specific aim was

to determine

beneficial effect of estrogen could be exerted by

if the

alt~ring

the

handling of blood cholesterol by the human macrophage.

The

first

the

step was

to

determine

whether

one

or

both

of

monocytic/macrophagic cell lines, U937 and THP-1, possessed a
classical hormone responsive system.

The levels of estrogen

receptor (ER) mRNA were measured as an initial indicator of
the presence of ER proteins.

Subsequently,

the effect of

estradiol on LDLR mRNA levels in these cells was examined.
Apolipoprotein. E
secreted

by

(Apo

E)

cholesterol

is

known

loaded

to

be synthesized

macrophages

and

has

and
been

suggested to combine with HDL and direct it to the liver,
where Apo E is
1979).

recognized by specific receptors

(Mahley,

Therefore, we attempted to examine Apo E mRNA levels

in the presence of estradiol.
NON-CLASSICAL MODES OF ACTION OF STEROID HORMONES
The classical theory of steroid hormone action presumes
that steroid diffuses through the plasma membrane of target
cel'Is, where it encounters it's specific, high affinity intracellular receptor.

Through this interaction, steroid-mediated

events are initiated.
The second aspect of this thesis addressed the question
as to whether hormone binding to "classical" steroid hormone
receptor is mandatory, in all cases, for hormone action.

It

has been known for several decades that hormone receptor binding is closely associated with the expression of biological

s

activity.

However,

mounting

evidence

has

prompted

many

laboratories to suggest that steroid hormones may not act
solely through the classical mechanism, but may in fact bypass
intracellular receptor binding.

The possibility that there

may exist alternative modes for steroid hormone action is
unfolding in light of recent observations.
Several investigators have reported that 3a, Sa-reduced
progesterone metabolites bind to the GABAA neurotransmitter
receptor

complex

enhancing

the

suppression

of

neuronal

excitability in the brain (Majewska et al., 1986; Callachan et
al., 1987; Gee, 1988; Schumacher et al., 1989).

It is thought

that the biological -effects of 3a, Sa-reduced progesterone
metabolites are exerted through the modulation of ion channels
(Nabekura et al., 1986; Blackmore et al., 1990).

The gonado-

tropin releasing effect of 3a, Sa-tetrahydroprogesterone is
also exerted through GABAA receptor mediation (Brann et al.,
1990a).
have

Specific and saturable binding sites for progesterone

been

reported

Ramirez, 1990).

in

rat

nerve

cell

membranes

(Ke

and

The effect of progesterone on the release of

gonadotropin releasing hormone (GnRH) in superfused hypothalami is very rapid (Ke and Ramirez,

1987).

The presence of

membrane receptors for steroids and the rapidity of some of
their biological
steroids
classical
receptors.

may

actions

exert

genomic

have

membrane
actions

led

to

actions

mediated

the
in

postulate

addition

through

to

that
the

intracellular

Reports of two highly active synthetic estrogens, 11Pmethoxy

estradiol

(Raynaud

et

al.,

1973)

and

11p-acetoxy

estradiol (Segaloff and Gabbard, 1984) were of considerable
interest because these steroids did not appear to bind to the
estrogen

receptor to the

same

receptor binding studies

extent as

reported

preliminary and poorly described.

in

the

estradiol.

The

literature were

Thus, a detailed study of

the binding of 11P-acetoxy estradiol to the ER provided us the
opportunity to examine the interrelationship between estrogenic activity of the steroid and its binding to the ER.
specific Aim #2

The second specific aim was to examine the .binding
of estradiol, 11P-acetoxy estradiol, 11P-hydroxy estradiol and
11a-hydroxy estradiol to th.e rat uterine cytosol ER.
ROLE

OF

SYNTHESIS AND PROCESSING DURING ESTRADIOL RECEPTOR

TURNOVER

A.

Effects of Estradiol
Cidlowski and Muldoon (1978) demonstrated that total ER

binding exhibits a depletion/ replenishment pattern following
a single injection of estradiol into 2 week ovariectomized
(estrogen-deprived)

adult rats.

Rapid ER depletion occurs

within 1 hour after injection and is followed by a 2-6 hour
delay

in replenishment.

The

replenishment of ER

reaching basal levels 11-16 hours post-injection.
decrease

observed

by

the

administration

reflect an increase in "processing"

of

is

slow,

The initial

estradiol

may

(degradation and hormone

receptor complex utilization) of the receptor protein itself,
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a decrease in "new" ER synthesis or, most likely, a combination

of

the

two.

The

question

of

whether the

delay

in

replenishment of the ER is due to an inhibition of new ER
synthesis or to an accelerated rate of processing is currently
unresolved.
Specific Aim #3
The third aim of this study was to determine whether
the dynamics for ER binding observed after a single injection
of estradiol are also observed for ER mRNA levels.

Since

changes in new ER synthesis are generally expected to parallel
changes observed in ER mRNA levels, these studies may indicate
whether the alterations in ER binding are due to changes in
receptor synthesis, processing or both.

ER mRNA levels were

measured· at various times after an injection of estradiol into
the 2 week ovariectomized adult rat.
B.

Effects of Progesterone
In the estrogen-primed rat, the effect of progesterone on

gonadotropin secretion may be stimulatory or inhibitory based
on the dose of progesterone (McPherson and Mahesh, 1979) and
the

time

of

progesterone

administration . (Everett,

1948).

There is considerable evidence that the effect of progesterone
may be manifested,

at leas.t in part,

in the pituitary ,by

inducing a depletion of occupied nuclear ER (Smanik et al.,
1989; Fuentes et al. , 1990a) .

Progesterone also decreases

occupied nuclear ER receptors in the uterus (Fuentes, 1990a).

Specific Aim #4

The question approached in this aim was to determine
if the effect of progesterone in decreasing ER binding was
parallelled by a. decrease in ER mRNA levels.

These studies

may indicate whether the effect of progesterone on ER binding
is due to changes in ER synthesis, processing or both.

This

objective was examined by measuring ER mRNA levels in the
uterus and anterior pituitary of the estrogen-primed rat at
various times following progesterone administration.

ESTROGEN REGULATION OF mRNAS FOR THE LDL RECEPTOR AND APOLIPOPROTEIN E IN MACROPHAGES
INTRODUCTION

Elevated plasma low-density lipoprotein
concentrations of high-density lipoprotein

(LDL)

(HDL)

and low

have been

positively correlated with coronary artery disease (Castelli
et al., 1977;

A~ogaro

et al., 1979;-Sniderman et al., 1980;

Whayne et al., 1981).

Pre-menopausal females have lower LDL

levels and higher HDL levels and are at a lower risk for atherosclerosis than are post-menopausal females or age-matched
males (Parrish et al., 1967; Kannel et al., 1976; Hjortland et
al. 1976; Bengston, 1983; Deeley et al., 1985; Colditz et al.,
1987) .

Moreover, numerous clinical studies have shown that

estradiol administration to post-menopausal females decreases
LDL cholesterol and increases HDL levels

(Robinson et al. ,

1960; Krauss et al., 1979; Wallace et al. 1979; Bain et al.,
1982; Tikkanen et al., 1982; Applebaum-Bawden, 1982; Cauley et
al.,

1983;

steroid

Jensen et al.,

hormone

status

atherosclerotic plaque.

may

1986.).

This suggests that sex

influence

the

development

of

The mechanism by which this may occur

is unknown, but potential targets for steroid hormone action
are genes that play key roles in lipoprotein metabolism.
Macrophages accumulate cholesterol by the endocytosis of
LDL molecules that are bound to receptors at the cell· surface
9

.lU

(Brown and Goldstein, 1983).
E

(Apo E)

Cholesterol and apolipoprotein

are then exported from these cells to form HDL

complexes that transport cholesterol to 'the liver
1979).

(Mahley,

Reduced expression of the LDL receptor (LDLR) gene and

the Apo E gene could limit the potential of macrophages to
sequester cholesterol and then export it to HDL.

If the

transcription of these genes is regulated by steroid hormones,
then reduced levels of sex hormones (i.e. following menopause)
might result in their down regulation.
levels

of

serum

cholesterol

andjor

The resulting elevated
cholesterol

engorged

macrophages could result in an increased incidence of atherosclerotic plaque formation.
REVIEW OF RELEVANT LITERATURE

An Overview - Serum Lipoproteins:
Serum lipoproteins,

Critical Function and Role

blood borne moieties

composed of

various lipids and proteins, provide an efficient mechanism
whereby lipids are exchanged among the intestine, liver and
peripheral tissues (Stryer, 1988).

The lipoproteins which are

synthesized by the liver and intestine,

are classified and

named according to their increasing density:

chylomicrons,

chylomicron remnants, very low-density lipoproteins

(VLDL),

intermediate-density lipoproteins (IDL), low-density lipoproteins (LDL) and high-density lipoproteins (HDL).

The differ-

ence in density is reflected by the percentage of protein and
lipid contained within each type of lipoprotein.

HDL is the

most dense of the plasma lipoproteins because it contains the
highest protein: lipid ratio.
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The serum lipoprotein particles are complexes consisting
of a core of hydrophobic lipids surrounded by a polar shell of
phospholipids,

non-esterified

cholesterol

and

proteins called apolipoproteins (Breslow, 1988).

specific

The surface

polarity renders the lipoprotein molecules water soluble, and
therefore easily miscible in blood.
characterized apoproteins:
III, D and E.

There are nine well-

A-I, A-II, A-IV, B, C-I, C-II, c-

They serve as structural components of lipopro-

tein moieties and operate as recognition signals for cellsurface receptors.
factors

for

Apolipoproteins may also serve as co-

enzymes

Cholesterol· and

involved

in

lipoprotein

triacylglycerides,

absorption or de novo synthesis,
carried by lipoproteins.

obtained

metabolism.
via'

dietary

are the principal lipids

Dietary cholesterol,

triacylgly-

cerides and other lipids are absorbed by the intestinal mucosa
where they are utilized for chylomicron synthesis (Champe and
Harvey, 1987; Stryer, 1988) .

These very low-density chylomic-

rons, extremely rich in triacylglycerol, circulate from the
intestine to peripheral tissues
In the peripheral tissues,

(primarily·adipose tissue).

triacylglycerol is r.eleased and

hydrolyzed to fatty acids and glycerol by lipoprotein lipase
which is located in capillaries of these tissues.
crons

lose

their

cholesterol-rich

triacylglyceride

particles

known

as

content,

As chylomithey

chylomicron

become

remnants.

These remnants are then efficiently removed from the circulation by hepatic chylomicron remnant receptors, which recognize
Ape E on the surface of the moiety.

In contrast to those

12

acquired from dietary intake, hepatically produced triacylglycerides are transported via VLDL from the liver to the
peripheral tissues.

VLDL triacylglycerides,

like those of

very low-density chylomicrons, are hydrolyzed by lipoprotein
lipase, resulting in the formation of cholesterol-rich IDL.
IDL may either be cleared from the plasma via hepatic receptors or further lipolyzed and modified to form LDL.
LDL

is

a

cholesterol-rich

attached to the outer surface.

particle,

with

Apo

B-100

LDL. is responsible for the

delivery of cholesterol to peripheral tissues (Brown and Goldstein, 1983). The small size allows LDL to leave the blood
vessels and enter the extracellular matrix where LDL can move
between cells and provide cholesterol where needed.
mechanism

of

cholesterol

delivery

via

LDL

is

The

precisely

regulated by tissue cells through a process known as receptormediated endocytosis.

Cell surface receptors,

found in the

liver and peripheral tissues, recognize and bind Apo B-100.
LDL is then internalized and degraded by these cells.

The

liver is responsible for the clearance of 70 percent of the
LDL from the plasma.
peripheral tissues.

The remaining 30 percent is utilized by
Upon intracellular degradation, Apo B-100

is hydrolyzed to free amino acids, while the core cholesterol
esters are hydrolyzed to free cholesterol.
can be used

for

membrane

or

steroid biosynthesis

esterified for storage inside the cell.
utilize

LDL-derived

requires energy.

This cholesterol

cholesterol

since

or

re-

Cells preferentially
de

novo

synthesis

As cells acquire LDL-derived cholesterol,
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transcription of the gene.for 3-hydroxy-3-methylglutaryl CoA
reductase (HMG CoA reductase) is suppressed, thereby blocking
de

novo

cholesterol

synthesis

(Devlin,

1982;

Champe

and

Harvey, 1987; Stryer, 1988).
The delivery of cholesterol via the

LDL receptor

is

subject to strict feedback regulation according to the needs
of the cell (Brown and Goldstein, 1983) .
the LDL receptor must be emphasized.

The dual function of

Not only does it provide

the cell with cholesterol, but at the same time LDL reduces
plasma cholesterol.

If cells are starved for cholesterol,

there will be an increase in the number of cell surface LDL
receptors

by virtue

of

an

increase

expression and protein synthesis.

in

LDL receptor

gene

In contrast, if circulating

LDL levels exceed the cellular requirements for cholesterol,
there will be a decrease in the number of cell surface LDL
receptors so that the rate of LDL uptake does not increase.
HDL is also known to play a vital role in lipid transport.

Functionally, HDL is different from the rest. of the

serum lipoproteins in that it is involved in a process known
as reverse-cholesterol transport (Mahley, 1979; Devlin, 1982).
HDL is an avid cholesterol acceptor which removes excess free
cholesterol from peripheral tissues and carries it back to the
liver for excretion.

HDL contains Apo E which is recognized

by and binds to hepatic receptors.

In this way, HDL offers

the body protection from the atherosclerotic processes as
described below (Goldstein and Brown, 1977; Miller, 1980).
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Atherosclerotic Plague Formation
Chronically elevated serum LDL levels lead to gradual
deposition of both free and esterified cholesterol on the
inner walls

of

the

arteries.

In

addition,

there

is

an

accumulation of substances such as lipids, collagen, elastin
fibers

and

proteoglycans

formation of plaque.

all

of

which

contribute

to

the

Also, LDL molecules may release free

cholesterol as they "bump" against cell surfaces.

As depo-

. sition progresses, the normal flow of blood through the vessel
This condition is known as

lumen is reduced or blocked.

atherosclerosis and is currently the leading cause of death in
the Western world.

The inhibition of free

flowing blood

deprives cells of oxygen and nutrients, and they rapidly die.
If the coronary arteries are afflicted with this condition,
ischemia

may

(necrosis)

persist

long

enough

to the heart muscle.

to

cause

As a

severe

result,

damage

myocardial

infarction ensues with a high incidence of morbidity (Devlin,
1982) .
LDL which has been in the

circul~tion

for an abnormal

period of time (more than a few days) may become chemically
modified into a form poorly recognized by the LDL receptor
·(Brown and Goldstein, 1983).

This modified LDL must then be

recognized and cleared by scavenger receptors that may reside
on macrophages and endothelial cells.

These two cell types

are known to be intimately involved in the early events of the
atherosclerotic process (Devlin, 1982).
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Atherosclerotic

plaques

contain

smooth

muscle

endothelial cells, glycosaminoglycans, collagen,
cholesterol (Ross and Glomset, 1976a, 1976b).

and

fibrin and

In addition,

and more importantly, plaques are filled with scavenger cells
that have engulfed much more cholesterol than they can utilize
or excrete.

The storage form of cholesterol,

cholesterol

ester, accumulates to such an extent that the cell's cytoplasm
exhibits a "foamy" appearance under the electron microscope,
hence the name "foam" cell (Brown and Goldstein, 1983, 1985).
The cholesterol ester, therefore, is what gives the atheroma
its gross characteristics.

Esterified cholesterol becomes

deposited in massive amounts in and around the cells of the
interstitial space (Goldstein and Brown, 1975; Mahley, 1981).
Foam cells may then arise from resident macrophages of the
arterial wall or from blood monocytes which have been triggered to differentiate into macrophages and invade the intima
at sites of endothelial damage (Mahley, 1982).

In carrying

out their normal role as housekeeping cells, these macrophages
function to maintain the milieu of the tissue by clearing
foreign

matter,

waste

carrying lipoproteins.
macrophages

are

and

debris,

including

cholesterol-

In vitro studies have shown that

specifically

adapted

for

internalizing,

storing and secreting large quantities of lipoprotein cholesterol.

However, when plasma LDL cholesterol is too high, the

LDL receptor-mediated process may become saturated (Goldstein
et al., 1979, 1980, 1981; Basu et al., 1979; Brown et al.,
1979, 1980).

In order to rid the interstitial space of this
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excess

lipoprotein,

macrophages

process known as phagocytosis.

compensate by utilizing a
In addition,

there is in-

creased expression of LDL receptors specific for chemically
modified LDL.

As a consequence,

however,

there is rapid,

uncontrolled cholesterol ester accumulation and
formation.

foam

cell

The amount of lipoprotein-cholesterol that enters

the arterial wall is too great for the macrophage to process
via the LDL receptor, and the ability of the macrophage to
excrete cholesterol via HDL becomes limited (Brown and Goldstein, 1983).
Lipoprotein Metabolism:

A Role for Estradiol?

With regard to the pre-menopausal female who tends to
present

clinically

with

a

low

LDL:HDL

ratio,

it

may

be

possible that estradiol functions to modulate, at the cellular
level, the dynamic equilibrium between cholesterol ingression
and

cholesterol

egression.

Specifically,

estradiol

may

increase the number of LDL receptors on these cells, thereby
allowing for greater LDL internalization and lower plasma LDL
concentrations.

Concomitantly, there may also be a simulta-

neous regulation of cholesterol secreted by these cells for
HDL acceptance.

These are the two main hypotheses that this

section of the thesis attempts to explore.
Macrophages possess LDL receptors

(Traber and Kayden,

1980), but it is not known whether estradiol regulates their
synthesis, processing or activity.

However, we do know that

such an estradiol phenomenon occurs in hepatic cells, as rats
treated with pharmacological doses of 17a-ethinyl estradiol

exhibit

a

profound

reduction, in total

levels (Hay et al., 1971).

plasma

cholesterol

This is followed by a dramatic

increase in the number and activity of hepatic LDL receptors
(Kovanen et al., 1979; Chao et al., 1979).

In rabbit liver,

an increase in LDL receptor protein is correlated with a
marked

increase

in

LDL receptor mRNA

(Ma

et al.,

1986).

Similarly, in tissue culture cells, such as human fibroblasts,
the number of LDL receptors is determined by the amount of LDL
receptor mRNA (Yamamoto et al, 1984).

When the cell requires

cholesterol, LDL receptor mRNA and protein synthesis increase
with a subsequent increase in LDL internalization.

A reverse

phenomenon is also seen when the cell has acquired a sufficient amount of cholesterol (Brown et al., 1981; Yamamoto et
al., 1984).
exert

its

It has yet to be determined whether estradiol may
effects

on

LDL

receptor

mRNA

accumulation

in

macrophages either in vitro or in vivo.
In vivo, macrophage-mediated cholesterol elimination from
the arterial wall may be limited by the availability of HDL
(Ho et al., 1980).
anti-atherogenic

A specific influence of estradiol on the
effect

of

HDL

cholesterol) has not been defined.

(promoting

the

efflux

of

Such an effect would be

relevant in light of the epidemiological findings that plasma
HDL levels,

like those

seen in pre-menopausal women,

are

associated with low frequencies of atherosclerotic complications

(Miller,

1980).

In

vitro

studies

utilizing mouse

peritoneal macrophages and human peripheral blood monocyte;
macrophages, have revealed two simultaneous but independent
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events.

First,

when

cholesterol-loaded

macrophages

are

presented with the cholesterol acceptor, HDL, free cholesterol
is secreted from the cells (Brown et al., 1980; Ho et al.,
1980).

Second, cholesterol-enrichment of macrophages stimu-

lates cells to synthesize and secrete large quantities of Apo
E

(Basu

et

al. ,

1981,

1982)

which

follows

a

significant

increase in Apo E mRNA concentration (Mazzone et al., 1987).
There are suggestions that Apo E combines with HDL and directs
it to the liver where it is recognized by specific receptors
that bind Apo E (Mahley, 1981; Basu et al., 1982).
Mahley' s
formation

laboratory

of a

in

normal

concentration

1979)

has

lipoprotein particle which
This lipoprotein,

description.
amounts

(Mahley,

man

rises

Hypothetically,

and

HDLc,

most

markedly

fits

HDL may be formed as

the

the

above

is present in small

animals.
upon

reported

However,

it's

cholesterol-feeding.
follows:

peripheral

macrophages secrete cholesterol and Apo E which combine with
regular HDL; this then becomes transformed into the large,
cholesterol-rich HDLc molecule that can then bind to hepatic
Apo E receptors.

In vitro studies, analyzing both mouse and

human macrophages, have indicated that the presence of Apo E
is absolutely required for HDLc formation (Mahley, 1979; Basu
et al., 1981, 1982; Gordon et al., 1983; Koo et al, 1985).

An

additional requirement is lecithin-cholesterol acyl transferase
(LCAT),

which

cholesterol.

catalyzes

the

esterification

reaction

of

Since the cholesterol ester resides within the

core of the lipoprotein molecule, esterification reduces the
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free

cholesterol concentration on the surface of HDL and

allows for the cholesterol accepting capabilities of HDL to
increase (Glomset and Norum, 1973).

These phenomena have been

demonstrated in vitro and therefore, only serve as a model for
the in vivo situation.
Since cholesterol-loaded macrophages secrete cholesterol
and Apo E independently in the presence of HDL,
might

influence

the

assembly

of

these

two

estradiol

components

increase the efficiency of the complex formation.

or

In addi-

tion, estradiol may increase the synthesis and secretion of
Apo E itself.

Any of these possibilities would enhance the

cholesterol excretion process.
The purpose of this work was to

initiate studies to

explore the possible regulation, by estradiol, of the genes
that encode the LDLR and Apo E.

Since atherosclerotic plaques

arise from the accumulation by macrophages of cholesterolbearing lipoproteins,

we utilized human macrophages as

in

vitro models to test cellular responsiveness to estradiol.
The

molecular

mechanism

by

which

sex

hormones

regulate

lipoproteins and their components has yet to be studied in the
reticuloendothelial cell system.

Although some work has been

conducted using hepatic cell lines, this work does not address
the role of steroid hormones in the process of atherosclerosis.
cell

We chose two very well-characterized'human monocytic
lines,

U937

(Sundstrom and Nilsson,

(Tsuchiya et al, 1980).

1976)

and THP-1

The differentiation of these cells

into macrophage-like entities was accomplished by exposure to
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the

potent

acetate (TPA)

phorbol

ester,

12-0-tetradecanoyl-phorbol-13-

(Tenny and Morahan, 1987) .

Hypothetically, if these were estrogen-responsive cells,
we would expect to detect the ER.

In addition,

estradiol

administration should influence the levels of LDLR and Ape E.
our first goal was to determine if the ER gene was expressed
in the U937

and THP-1 cell

lines.

As

an

indicator,

we

measured ER mRNA levels with the aid of a human ER complimentary DNA

(eDNA)

probe.

Secondly,

with a variety of eDNA

probes for the LDLR and Ape E, we examined the changes in the
LDLR mRNA and Ape E mRNA levels in response to estradiol
administration.

MATERIALS AND METHODS
I.

In Vitro Experiments

A.

Cell Lines and Cell culture conditions

Two human monocytic cell lines,

U937

chosen as in vitro models for these studies.
from

a

patient

Nilsson, 1976).
terized

THP-1

with

histiocytic

lymphoma

and THP-1,

were

U937 was derived
(Sundstrom

and

Tsuchiya, et al. (1980) isolated and characfrom

a

patient

with

monocytic

leukemia.

Suspension cultures of these cells kept in T-75 tissue culture
flasks, were maintained in the logarithmic phase of growth by
passage every three to four days in RPMI 1640 medium (without
phenol

red)

supplemented with 100 unitsjml penicillin,

J,£gjml streptomycin,
serum (Gibco).

2

mM

L-glutamine and 10% fetal

50

bovine

Additionally, two cell lines, Hep G2 and MCF-

7, were employed as positive controls for the eDNA probes.
Hep G2, derived from a patient with hepatocellular carcinoma
(Aden et al., 1979), was used for positive detection of LDL
receptor and Ape E mRNA.

The breast adenocarcinoma cell line,

MCF-7, was the model used for observing high levels of ER mRNA
(Soule et al., 1973).

The culture medium for the Hep G2 and

MCF-7 cell lines consisted of Eagle's Minimal Essential Medium
supplemented with non-essential amino acids, Earle's balanced
salt solution, and fetal bovine serum, 10%.
were propagated as monolayer cultures
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These cell lines

on plastic in T-75
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tissue culture flasks.

They were split every five to seven

days with the use of 0.25% trypsin. _All cells were incubated
in humidified 5% C0 2: 95% air at 37 degrees Celsius.

Cell

counting was performed with a hemocytometer and viability was
determined by erythrosin B exclusion (Phillips, 1973).

All

four cell lines were purchased from the American Type Culture
Collection (Rockville, MD).
B.

Cell Culture Reagents, eDNA Probes, Hormone, Chemicals and

supplies

All cell culture reagents and fetal bovine serum were
obtained from GIBCO (Grand Island, NY).
The pLDLR-2HHl plasmid, harboring the 1.9 kb human LDLR
eDNA, was a generous gift from D. Russell, M.

Brown and J.

Goldstein, University of Texas Health Science Center, Dallas,
TX

(Yamamoto et al.,

Institute

of

1984).

Technology,

Dr. M. Krieger (Massachusetts

Cambridge,

MS)

donated

plasmids

containing cDNAs for the bovine macrophage Type I and Type II
scavenger receptors, pBSR7 and pBSR3, respectively (Kodama et
al., 1990; Rohrer et al., 1990).

pBSR7 harbors the 2.135 kb

Type I receptor eDNA fragment, while pBSR3 hosts the 1.585 kb
Type II eDNA.

pJS15, the plasmid containing a 0.6 kb human

Apo E eDNA fragment

and pJS189, the plasmid harboring a 0.291

kb human Apo E eDNA,

were kindly provided by J.

Breslow,

Rockefeller University, New York, NY (Das et al., 1985).

The

pKCR2-ER plasmid contained the 1.8 kb human ER eDNA and was
donated by P.
Research,

Chambon,

strasbourg,

The National
France

(Green

Institute of Medical
et

al.,

1986).

The

plasmid,

p,B-actin,

obtained from C.

hosting

the

1.15

kb

,8-actin

eDNA was

Ordahl, Temple University Medical School,

Philadelphia, PA (Ordahl et al., 1980).

All seven plasmids

had previously been fully characterized and documented.
·The hormone, chemicals and supplies used were purchased
as follows:
Estradiol-17,8

was

purchased

Company (St. Louis, MO).

from

Sigma

Chemical

100% ethanol was used as

the vehicle to inject compounds for administration
to cell culture suspensions.
Dextran-coated charcoal (DCC) was a mixture of 0.5%
Norit A (Amend Drug and Chemical Company,

Irving-

ton, N.J.) and 0.05% dextran (Nutritional Biochemical Company, Cleveland, OH).
1-Butanol,

di-isopropyl

ether

and

Whatman

3MM

filter paper were obtained from Fisher Scientific,
Pittsburgh, PA.
HB

101

(Escherichia

restriction

enzymes

Coli)
and

competent

formamide

cells,

were

all

obtained

from Bethesda Research Laboratories, Gaithersburg,
MD.
pZ523 plasmid purification columns, sheared salmon
sperm DNA and DNase-free RNase were obtained from 5
Prime-3 Prime, Incorporated, west Chester, PA.
Agarose and low melting point

(LMP)

agarose were

obtained from FMC BioProducts, Rockville, MD.

'
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RNAzol TM was obtained from cinna Biotecx Laboratories International, Incorporated, Houston, TX.
Glyoxal was obtained from Clontech, Palo Alto, CA.
Gene

Screen

Membrane

was

Plus

Hybridization

obtained

from

New

Transfer
England

Nylon
Nuclear

Research Products, ·wilmington, DE.
eDNA oligolabeling kit, Sephadex G50 NICK columns
and dextran sulfate were obtained from Pharmacia,
Uppsala, sweden.
Deoxycytidine-5'-triphosphatetriethylammonium-salt
[alpha- 32 P],

(a- 32 P)

dCTP,

was

obtained

from

ICN

Biomedicals, Incorporated, Costa Mesa, CA.
Sodium dodecyl sulfate (SDS) was obtained from BioRad, Richmond, CA.
Diethylpyrocarbonate

(DEP)

I

12-0-tetradecanoyl-

phorbol-13-acetate (TPA), yeast extract, tryptone,
glycerol,

tetracycline,

ampicillin,

chlorampheni-

col, ethidium bromide (EtBr) and dimethylsulfoxide
(DMSO)

and all other chemicals were obtained from

Sigma Chemical Company, St. Louis, MO.

c.

steroid and Lipid Extraction of Fetal Bovine serum

Depending on the specific experimental condition analyzed,

the

fetal bovine serum

medium was one of two types:
or 2)

steroid-stripped only.

(FBS)

added to the culture

1) steroid- and lipid-stripped
Serum was treated with di-

isopropyl ether/butanol (60:40 v;v ratio) at room temperature
to remove lipids, steroids, cholesterol, Vitamin E and fatty

acids (Cham and Knowles, 1980).

The proportions of ether and

butanol used produced a miscible single organic phase.

When

this solution was mixed with serum a biphasic system resulted,
separating the lipid from the aqueous phase.
steroids,

serum

was

treated

with

To remove only

dextran-coated

charcoal

(0.50% Norit A-0.05% dextran in 0.14 M sodium chloride) at 50
degrees Celsius for 30 minutes.

Steroids were adsorbed to the

charcoal, and then the charcoal was removed via differential
centrifugation (Horwitz and McQuire, 1978).

D.

Differentiation of Monocytes into Macrophages
Differentiated cells were obtained by treating logarith-

mically growing U937 and THP-1 cells, of monocytic phenotype,
with 16 nM 12-0-tetradecanoyl-phorbol-13-acetate (TPA) for 48h
(Tenny and Morahan, 1987).

Non-TPA treated cells pr.oliferate

in suspension, but when induced-to differentiate they acquire
the ability to aggregate and. adhere to the plastic flask.
These characteristics were utilized as markers for cellular
differentiation.

E.

Estrogen stimulation of Monocytes and Macrophages
The regulation of mRNA accumulation by estradiol was

assessed with time course as well as dose-response studies.
Both undifferentiated and differentiated cells were exposed,
to either 0, 20, 100, 500, 1000 or 2000 nM 17 8 -estradiol for
24 or 48h prior to cell harvesting and RNA isolation.

F.

Cholesterol Loading of Monocytes and Macrophages
It was necessary to manipulate the cholesterol content of

the medium in certain experimental situations.

Following the
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time

period

for

differentiation,

dissolved in 100% ethanol, was
medium,
media,

at a

25-hydroxy

cholesterol,

added to the cell culture

concentration of either 5 J.Lgjml or 10 J.Lgjml

24h prior to stimulation with either vehicle

(100%

ethanol) or estradiol (Mazzone et al., 1987).
G.

Cell Harvesting for RNA Isolation

Following

appropriate

treatment

regimens,

transferred to 50 ml conical centrifuge tubes.

cells were
Those cells

which had previously received TPA adhered to the flasks upon
differentiation into macrophages.

They were scraped from the

flasks with a rubber policeman prior to transfer.

Cells were

pelleted via centrifugation and then ready for RNA isolation.
II.

Bacterial Transformation, Plasmid Alilplification,
Purification and eDNA Isolation

A.

Bacterial Transformation and Plasmid Amplification

HB 101

(Escherichia Coli)

competent cells were trans-

formed in the presence of antibiotic by plasmid DNA (Maniatis
et al., 1989).

Inside bacteria, plasmid DNA replicates and

expresses

respective

the

antibiotic

marker

that

allows

transformed cells to survive in the presence of antibiotic.
The transformation method yields 10 5 -10 7 transformants/ J.Lg
plasmid DNA.

The transformation mixture was spread onto

plates containing hardened agar plus antibiotic.
incubated

overnight

resistant

colonies,

at

37

degrees

containing

Celsius.

plasmids

resistant gene, appeared within 12-16 h.

The

Plates were
Antibiotic

expressing
~-actin

the

contain-

ing plasmid is tetracycline resistant, while the others confer

.< I

ampicillin resistance.

One colony was selected and utilized

to amplify plasmid concentration.
according to

standard protocols

Amplification was performed
(Maniatis

et al.,

1989) .

Briefly, 10 ml of Luria Broth medium (2.4% yeast extract, 1.2%
tryptone,

0.5% glycerol) plus the respective antibiotic was

inoculated with a single bacterial colony and incubated at 37
degrees Celsius overnight with vigorous shaking.

Then 500 ml

LB medium was inoculated with 2 ml of the overnight culture.
Vigorous shaking at 37 degrees Celsius continued until late
log phase was reached (OD 600 = 0. 4) .
phenicol

(34

mgjml)

At this time chloram-

was added to inhibit E.

Coli protein

synthesis, and plasmid amplification continued for 12-16h.
Bacterial

cells were harvested by centrifugation and

lysed in the presence of lysozyme (5 mgjml) and sodium hydroxide

(0.2 N)

(Birnboim and Doly,

1979).

Bacterial DNA and

cellular debris were precipitated with a 2:1 solution of 5 M
potassium acetate and glacial acetic acid.

The supernatant,

containing mostly plasmid DNA, was mixed with isopropanol (0.6
volumes)

and pelleted by centrifugation.

The nucleic acid

pellet was dissolved in TE (10 mM Tris-HCL, 1 mM EDTA; pH 8.0)
buffer and treated with DNase-free RNase (10
RNA.

~g/ml)

to digest

The DNA pellet obtained was resuspended in TE buffer

containing 1.0 M sodium chloride, and then. plasmid DNA was
purified.
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B.

Plasmid Purification
Isolation of plasmid DNA from E. Coli DNA was performed

with pZ523 plasmid isolation columns according to the manufacturer's protocol (Zervos et al.; 1988).

The DNA suspension

was applied to the column, and purified plasmid was recovered
in the column effluent following centrifugation.
tration was

determined by measuring

OD 260 •

DNA concen-

Plasmids were

stored in sterile distilled water at -80 degrees Celsius.

The

identity of each plasmid was confirmed by agarose gel electrophoresis following appropriate enzyme digestion, specific for
each plasmid (Maniatis et al., 1989).

The enzymes necessary

for plasmid digestion and generation of the proper size eDNA
fragments were as follows:

Restriction

eDNA

Vector

Plasmid

Enzyme

Insert Size(kbl

Size(kbl

pLDLR-2HH1

Bam HI

1. 900

3.05

pBSR7

EcoRI

2.135

3.00

pBSR3

EcoRI

1. 585

3.00

pJS15

Bgl I

0.600

4.60

pJS189

Pst I

0.291

2.39

pKCR2-ER

Eco RI

1. 800

6.00

p,B~actin

Pst I

1.150

4.40

c.

Isolation of eDNA Inserts,
Restriction enzyme digestion,of plasmid DNA was carried

out for 3 hours at 37 degrees Celsius.

DNA was then loaded
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onto a 1.5% low melting point (LMP) agarose gel in TEA buffer
(12 mM Tris,

6 mM sodium acetate, 0.3 mM EDTA, pH 7.0) and

electrophoresed overnight (12-16h) at 35 volts.

This allowed

for adequate separation between vector and eDNA insert.

Upon

ethidium bromide staining, the eDNA insert-containing portion
of

the

gel

was visualized by ultraviolet

excised from the gel.

Subsequently,

light

and then

the eDNA agarose was

melted, aliquoted and stored at -80 degrees Celsius (Maniatis
et al., 1989).
III. Isolation of RNA from Cells, Gel Electrophoresis
and Northern Blotting
A.

RNA Extraction
( 0. 2 ml/10 6

Pelleted cells were lysed and homogenized
cells)

in RNAzol™

isothiocyanate

and

(water-saturated phenol,

4M guanidinium

0.1 M ,8-mercaptoethanol),

and

RNA was

extracted with chloroform (0.1 mljml homogenate) according to
the

manufacturer's

aqueous

phase

isopropanol.

was

protocol.
precipitated

Following
with

an

extraction,
equal

volume

the
of

Purified RNA pellets were'stored in a suspension

of o. 1% Sarkosyl, o .1% ,8-mercaptoethanol, 5 M ammonium acetate
(1/20 volume)
Celsius.

and 100% ethanol

(2 volumes)

at' -80 degrees

Purity and quantitation of the RNA recovered were

based upon ultraviolet spectrophotometric analysis.

The final

preparation was free of DNA and protein and had a 260/280
(O.D.) ratio greater than 1.9 (Chomcynski and Sacchi, 1987).

JV

B.

Gel Electrophoresis of RNA
Following RNA isolation,

20

~g

of each RNA sample was

pelleted and denatured by glyoxalation (1.0 M glyoxal in 50%
deionized DMSO, 12 mM Tris HCL, 6 mM sodium acetate, 0.3 mM
EDTA, pH, 7.0) for 30 minutes at 50 degrees Celsius followed
by a 10 minute cooling period on ice.
TEA buffer (12

mM

A 1.5% agarose gel in

Tris HCL, 6 mM sodium acetate, 0.3 mM EDTA,

pH 7.0) was prepared (5-6 mm thick, 24 cm.wide and 10.1 em
long) and RNA samples were loaded into the wells.

The gels

were run for 3.5h at 120 volts (11.9 voltsjcm length).

TEA

buffer was changed at 1.5-2.0h to avoid a pH rise above 8.0.
The glyoxal gel used for Northern blotting was not stained
with

ethidium bromide
Instead,

glyoxal.

since

ethidium bromide

separate

marker

lanes

reacts

containing

with
RNA

samples were run, cut from the gel and stained in TEA buffer
with 0.5

~gjml

ethidium bromide for 30 minutes.

The RNA was

then visualized for the presence of RNA markers by fluorescence under ultraviolet illumination.
the RNA markers was:

The presumed size of

28S rRNA, 5100 bp; 18S rRNA, 1950 bp;

tRNA, 80 bp (Maniatis et al., 1989).
c.

Northern Blotting
Once

samples

had

been

electrophoretically

separated,

total RNA was transferred by capillary action (according to
the manufacturer's protocol) onto Gene Screen Plus hybridization transfer nylon Membrane as follows.
Gene Screen Plus was cut to the exact size of the gel and
soaked in diethylpyrocarbonate

(DEP) water.

The nylon was
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then soaked in a lOX sse (1.5 M sodium chloride, 0.15 M sodium
citrate) solution for 15 minutes.

Standard blotting protocol

occurred in a pyrex glass pan and included a sponge soaked in
lOX sse solution.

Two sheets of Whatman 3MM filter paper, cut

to the exact size of the sponge and pre-soaked in lOX sse,
were placed on top.

The glyoxal gel was placed on top of the

filter paper, and mylar strips
the gel.

were placed along each edge of

Gene Screen Plus nylon was then placed on top of the

gel, and all air bubbles were removed with a glass rod roller.
Subsequently, 6 pieces of Whatman 3MM

filter paper (cut to

the exact size of the gel) were placed on top of Gene Screen
Plus.

Standard laboratory paper towels (cut to the exact size

of the gel) were placed on top of the filter paper.
occurred overnight

(16-24h)

in lOX sse.

Blotting

Paper towels were

changed so there were always dry towels on top of the stack.
After sufficient time for blotting
membrane

was

removed,

accomplished as follows.

and

reversal

of

had elapsed,
glyoxalation

the
was

The nylon membrane was placed in 50

mM sodium hydroxide for 15 seconds and then in lX ssc-0.2 M
Tris HCL, pH 7.5 for 30 seconds.

The nylon was then placed on

filter paper, and the RNA was fixed to the membrane by air
drying at room temperature overnight.

The membrane was stored

in a sealed plastic bag at -20 degrees Celsius until used for
hybridization to eDNA probes.

IV.
A.

Oligolabelinq of eDNA Probes and Hybridization to RNA
Oligolabeling of eDNA Probes

The eDNA probes were radioactively labelled with the aid
of a random primer oligolabeling kit from Pharmacia (Feinberg
and Vogelstein, 1984).

Fifty ng (2

ng/~1

in LMP agarose) of

eDNA was heated to 100 degrees Celsius for 3 minutes, stored
at 37 degrees Celsius for 10-60 minutes and then labelled
using 50 ~Ci of (a- 32 P] dCTP, the Klenow Fragment from E. Coli
and oligonucleotide primers.

The labelling reaction required

at least 2h at 37 degrees Celsius and was terminated with 0.1
M EDTA.
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Labelled eDNA probe was separated from unincorporated

P-labelled nucleotides through a Sephadex G-50 DNA grade NICK

column

following

Pharmacia's

protocol.

The

equilibrated with TE buffer prior to use.
mixture was applied to the gel bed,

column

was

The labelling

followed by TE buffer.

Purified radiolabeled eDNA was recovered in an elution volume
of approximately 0. 8 ml.

The probe was denatured at 10 0

degrees Celsius, quickly cooled and then used for hybridization.
B.

Hybridization of Northern Membranes

Prehybridization of the RNA containing nylon membrane
consisted of an incubation at 42 degrees Celsius for at least
15 minutes in a shaking water bath in the presence of
dextran sulfate,
sodium

dodecyl

50%

formamide,

sulfate

(SDS)

0.05 M Tris
and

1

(pH 7.5),

M sodium

10%
1%

chloride.

Subsequently, radiolabelled eDNA probe (4 x 10 6 cpm (cerenkov)jml)

was added to the bag containing the membrane and
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prehybridization solution.

In addition, sheared and denatured

salmon sperm DNA (100

~gjml)

ground

to

hybridization

carried out overnight
shaking water bath.

the

was included to decrease backmembrane.

(12-16h)

Hybridization was

at 42 degrees Celsius in a

The nylon was washed in 0.2 x

sse (0.03

M sodium chloride, 0.003 M sodium citrate) + 0.1% SDS for 15
minutes

at

room

temperature,

followed

by

two

washes

minutes each) in the same solution at 42 degrees Celsius.

(20
A

fourth wash was performed in 2X SSPE (0.36 M sodium chloride,
0.02 M sodium phosphate dibasic, pH 6.8, 2 mM EDTA) for 20-30
minutes at room temperature.
shaking water bath.

All washes were performed in a

The membrane was wrapped in Saran Wrap™

and then exposed to Kodak XAR autoradiographic film at -80
degrees Celsius with two Dupont Cronex intensifying screens.
The film was then developed and hybridization was visualized.
The results were quantified via density scanning, or densitometry (Maniatis et al., 1989).
The nylon membrane was then stripped of radioactivity
with three successive washings in Solution A, Solution B and
Solution C as follows:
Solution A:

10 mM Tris-HCL, pH 7.5, 1 mM EDTA, 1% SDS;

Solution B:

0.1x

Solution c:

2X SSPE (0.36 M sodium chloride,

sse, 0.1% SDS;

0.02 M sodium phosphate pH 6.8, 2 mM EDTA)

Solutions A and B were boiled to 100 degrees Celsius in a
microwave oven, poured over the membrane in a plastic container and shaken at room temperature until the solution temperature

dropped

minutes).

to

30-40

degrees

(approximately

30

The nylon was then shaken in Solution cat room

temperature for 30 minutes.
overnight

Celsius

to

confirm

Autoradiography was performed

successful

removal

of

probe.

The

stripped membrane was stored at -20 degrees Celsius for future
hybridization (Maniatis et al., 1989).

RESULTS
I.

Effect of Estradiol in U937 and THP-1 Cell Lines

Since the effects of estradiol (E2)

on human monocytes

and macrophages had not previously been demonstrated, it was
necessary to first establish a model for study.

Two monocyte-

like cell lines, U937 and THP-1 were chosen for the preliminary studies.

Two time points, 24 and 48h, were chosen for

the performance of dose-response studies.
A.

Effect of Different Doses of Estradiol on Apo E mRNA

Levels in U937 Cells After 24h

To determine whether estradiol could affect apolipoprotein E (Apo E) mRNA content in U937 monocytes and macrophages,
cells were exposed to various doses of E2.
cells received vehicle
16 nM TPA

treatme~t,

First, one set of

while a second set received

(12-0-tetradecanoyl-phorbol-13-acetate)

for 48h.

TPA treatment induced the differentiation of monocytes into
macrophages
tion) .

(as described in the Materials and Methods sec-

Monocytes and macrophages were then given increasing

doses of estradiol: o, 20, 100, 500, 1000 and 2000 nM.
were harvested and RNA was extracted
treatment.

Cells

24h after estradiol

The results are shown in Figure 1.

Cross-hybrid-

ization of the Apo E eDNA probe (pJS15) with apolipoprotein
(Apo

c 1) mRNA was observed, ·and the appearance of Apo

minimal.

c1

E was

This class of Apo C has considerable structural
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homology with Ape E and is also thought to participate in the
process of reverse cholesterol transport.

In vitro, Ape C1

has been shown to increase the activity of lecithin cholesterol acyltransferase (LCAT} which catalyzes the esterification
reaction of plasma cholesterol

(Breslow, 1988).

Therefore,

this protein may play a role, in vivo, by transforming nascent
HDL into HOLe particles.

In conjunction with HDL, both Ape E

and Ape C1 then aid in the bodily excretion of cholesterol.
If Ape c 1 is synthesized and secreted by macrophages, then our
hypothesis may still be valid in that estradiol may enhance
cholesterol excretion by regulating levels of cellular Ape C1
mRNA.

"Ape C" will be used to refer to the apoprotein in the

interpretation of the results.

The 20 nM dose of estradiol

appeared to suppress Ape C mRNA levels in the U937 monocytes
(panel A) as compared to controls.

Ape C mRNA content began

to rise gradually with increasing concentrations of E2 and
overshot baseline levels at 2000 nM E2.

The mRNA levels with

1000 nM E2 appeared to be slightly less than with 500 nM E2.
In U937

macrophages,

utilized (panel B).
of the
cells.

32 P-labeled

E2

was

without

effect

at

all

doses

Figure 2 demonstrates the hybridization

Ape E eDNA probe with Ape c 1 mRNA from U937

This blot was obtained from the experiment described

in Figure 1.
B.

Effect of Various Doses of Estradiol on Apo

c mRNA Levels

in U937 Cells for 48h

The objective of the next study was to examine Ape C mRNA
levels in U937 cells 48h after exposure to estradiol.

The

Figure 1.

Effect of different doses of estradiol {E2) on
apoprotein C {Apo C) mRNA levels in U937 cells
24h after E2 administration.

TPA (16 nM) was

administered to 6 groups of cells

( 6 x 10 7

cellsjgroup), while another set of 6 groups (6
x 10 7 cellsjgroup) received vehicle treatment
(100% ethanol).

48H later,

all groups re-

ceived either vehicle, 20, 100, 500, 1000 or
2000 nM estradiol 24h prior to cell harvesting.

RNA was extracted and Apo c mRNA was

quantified by Northern blot analysis.
. sul ts

were

obtained

densitometric

as

analysis

arbitrary
of

blots

expressed as the percentages of
levels {Apo c

mRNA/~-actin

Re-

units
and

~-actin

mRNA x 100).

of

were
mRNA
Panel

A represents the monocytes and panel B the
macrophages.
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Figure 2.

Northern analysis of RNA isolated from U937
cells hybridized with an Ape E eDNA probe.
RNA

was

isolated

from

U937

monocytes

macrophages as described in Figure l.

and

Total

RNA was electrophoresed on a 1% agarose gel,
transferred to Gene Screen Plus Nylon membrane
by the method of capillary transfer and hybridized with

an

oligolabeled

human

Ape

E

(pJS15) eDNA probe as described in Materials
and Methods.

The size of this band is 0.60 kb

and represents Ape
mRNA (l. 57 kb).

c 1 mRNA instead of Ape E

.00

f\llonocytes

Macrophages

nM E2
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experimental conditions were the same as described for Figure
1·, except that cells were harvested 48h after E2 administration.

At this time point, an alteration in Apo C mRNA content

by E2 was not observed in U937 monocytes (Figure 3, panel A).
In macrophages, all doses of estradiol stimulated an increase
in mRNA content with the exception of the 500 nM E2 dose where
Apo C levels appeared to be the same as the control (Figure 3,
panel B) .

c.

Effect of Various Doses of Estradiol on Apo c mRNA Levels

in THP.-1 Cells for 24h
The purpose of this investigation was to determine the
effect of estradiol in THP-1 cells.

Incubation conditions

were exactly the same as that described for the U937 cells in
Figure 1.

After 24h of administration to both monocytes and

macrophages, 1000 nM estradiol produced a dramatic increase in
Apo C mRNA content, while all other doses of estradiol were
virtually ineffective (Figure 4, panels A and B).

From this

experiment, Figure 5 demonstrates the hybridization of the 32 Plabeled Apo E eDNA probe with Apo c 1 mRNA from THP-1 cells.

D.

Effect of Various Doses of Estradiol on Apo c mRNA Levels

in THP-1 Cells for 48h
The administration of E2 to THP-1 cells for 48h is shown
in Figure 6.

When compared to control, Apo C mRNA levels were

dramatically reduced in monocytes with the 20 nM, 100 nM and
2000 nM doses of E2.

In addition, mRNA levels were virtually

abolished when 500 nM and 1000 nM E2 were administered (panel

Figure 3.

Effect of different doses of estradiol (E2) on
apoprotein C (Apo C) mRNA levels in U937 cells
48h after E2 administration.

The treatment

regimen was the same as in Figure 1, except
that

cells were harvested

administration.

48h following E2

Panel A represents the mono-

cytes and panel B the macrophages.
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Figure 4.

Effect of.different doses of estradiol (E2) on
apoprotein C

(Apo

C)

mRNA levels

in THP-1

cells 24h after E2 administration.

TPA (16

nM) was administered to 6 groups of cells (6 x
10 7 cellsjgroup) while another set of 6 groups
(6 x 10 7 cells/group) received vehicle treatment (100% ethanol).

48H later, all groups

received either vehicle, 20, 100, 500, 1000 or
2000 nM estradiol 24h prior to cell harvesting.

RNA was extracted and Ape C mRNA was

quantified by Northern blot analysis.
sults

were

obtained

densitometric

as

analysis

arbitrary
of

blots

expressed as the percentages of
levels (Ape C

mRNA/~-actin

Re-

units
and

~-actin

mRNA x 100).

of

were
mRNA
Panel

A represents the monocytes and panel B the
macrophages.
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Figure 5.

Northern analysis of RNA isolated from THP-1
cells hybridized with an Apo E eDNA probe.
RNA was

isolated from THP-1

monocytes and

macrophages as described in Figure 4.

Total

RNA was electrophoresed on a 1% agarose gel,
transferred to Gene Screen Plus Nylon membrane
by the method of capillary transfer and hybridized with
(pJS15)

an

oligolabeled

human

Apo

E

eDNA probe as described in Materials

and Methods.

The size of this band is 0.60 kb

and represents Apo
mRNA (1.57 kb).

c 1 mRNA instead of Apo E
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Figure 6.

Effect of different doses of estradiol (E2) on
apoprotein

c

(Apo

C)

mRNA

levels

cells 48h after E2 administration.
ment regimen was the

same as

in THP-1
The treat-

in Figure 4,

except that cells were harvested 48h following
E2

administration.

Panel A represents the

monocytes and panel B the macrophages.
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In THP-1 macrophages,

estradiol appeared to have no

influence, at any dose, on the Apo C mRNA content (panel B).
E.

Effect of various Doses of Estradiol on LDL Receptor mRNA

Levels in THP-1 Cells for 24h

It was of interest to examine alterations in LDL receptor
mRNA

levels

following

E2

administration

Conditions were as described in Figure 4.
E2

stimulated

receptor mRNA.

an

increase

in the

levels

to

THP-1

cells.

After 24h, 100 nM
of monocyte

LDL

In addition, the 1000 nM dose caused a slight

increase in mRNA levels, and all other doses were virtually
ineffective (Figure 7, panel A).

In THP-1 macrophages, only

the 2000 nM dose of E2 was effective in causing a rise in LDL
receptor mRNA. (Figure 7,

panel B).

From this experiment,

Figure 8 demonstrates the hybridization of the 32 P-labeled LDLR
eDNA probe with LDLR mRNA from THP-1 cells.
F.

Effect of various Doses of Estradiol on LDL Receptor mRNA

Levels in THP-1 Cells for 48h

Figure 9 demonstrates the effect of E2 48h after administration.

Low doses

(20 nM and 100 nM)

of E2

completely

abolished the low basal levels of LDL receptor mRNA content in
monocytes (panel A).

As compared to the control, the levels

of mRNA were increased with 500 nM, 1000 nM and 2000 nM E2.
A multiphasic effect of E2 was observed in THP-1 macrophages
(panel B) .

The 20 nM dose of E2 did not alter basal levels of

LDL receptor mRNA.

However,

at the 100 nM dose of E2,

receptor mRNA content was reduced.

LDL

Message levels began to

rise with 500 nM E2 and overshot control levels with 1000 nM

Figure 7.

Effect of different doses of estradiol (E2) on
low-density lipoprotein receptor

(LDLR) mRNA

levels in THP-1 cells 24h after E2 administration.

TPA

(16

groups of cells

nM)

was

administered

(6 x 10 7 cellsjgroup)

to

6

while

another set of 6 groups (6 x 10 7 cellsjgroup)
received

vehicle

treatment

(100%

ethanol).

48H later, all groups received either vehicle,
20,

100,

500,

1000 or 2000 nM estradiol 24h

prior to cell harvesting.

RNA was extracted

and LDLR mRNA was quantified by Northern blot
analysis.

Results were obtained as arbitrary

units of densitometric analysis of blots and
were expressed as the percentages of p-actin
analysis mRNA levels (LDLR mRNA/P-actin mRNA x
100).

Panel A represents the monocytes and

panel B the macrophages.
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Figure 8.

Northern analysis of RNA isolated from THP-1
cells and hybridized with a LDLR eDNA probe.
RNA was

isolated from THP-1

monocytes and

macrophages as described in Figure 7.

Total

RNA was electrophoresed on a 1% agarose gel,
transferred to Gene Screen Plus Nylon membrane
by. capillary transfer and hybridized with an
oligolabeled

human

LDLR

(pLDLR-2HH1}

eDNA

probe as described in Materials and Methods.
The size of this band is 5.3 kb and represents
LDLR mRNA.
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Figure 9.

Effect of. different doses of estradiol (E2) on
low-density lipoprotein receptor (LDLR) mRNA
levels in THP-l cells 48h after E2 administration.

The treatment regimen was the same as

in Figure 7, except that cells were harvested
48h

following

represents
macrophages.

the

E2

administration.
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E2.

At the highest dose employed, 2000 nM E2, LDL receptor

mRNA was not·detected.
II.

Influenced by

Effect of Estradiol on THP-1 Cells as

Cholesterol content in the Cell Culture Medium

As described in detail in the Introduction, mRNA levels
of Apo E and LDL receptor change inversely depending upon the
cholesterol

concentration within the cells

Brown and Goldstein, 1983).

(Mahley,

1979;

If Apo c, like Ape E, is involved

with cholesterol export from macrophages, then the synthesis
of Apo C may also be influenced by cholesterol concentrations.
For example, upon cholesterol-loading of cells, Ape c mRNA
levels may be up-regulated, like those of Ape E (Basu et al.,
1981; Mazzone et al., 1987), while LDL receptor levels may be
down-regulated (Brown et al., 1981; Yamamoto et al., 1984).
The reverse situation is valid with cholesterol depletion
(Gordon,

1983; Ma et al.,

1986).

Therefore,

attempt to standardize a model for study,

in a

further

the cholesterol

content of the cell culture medium was manipulated.

At this

time, the THP-1 cell line was chosen for experimentation since
LDL receptor mRNA levels were only slightly detected in the
U937 cell line.

Due to the enormous amount of cells required

for experimentation (6 x 10 7 cellsjgroup), only two doses of
estradiol were chosen (100 nM and 1000 nM) for the next set of
studies.

In addition, cells received estradiol treatment for

24h prior to RNA extraction.

Figure 10.

Effect of different doses of estradiol (E2) on
apoprotein
monocytes

c

(Apo

incubated

C)

mRNA
in

levels

in THP-1

steroid-free

serum.

Each of the three groups (6 x 10 7 cells/group)
was maintained in steroid-free serum for at
least 72h prior to vehicle administration.

At

48h, cells received either vehicle, 100 nM or
1000 nM estradiol.

All cells were harvested

24h later, RNA was extracted and Apo C mRNA
levels were quantified by Northern blot analysis.

Results were obtained as arbitrary units

of densitometric analysis of blots and were
expressed as the percentages of
levels (Apo c

mRNA/~-actin

~-actin

mRNA x 100).
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Effect of different doses of estradiol (E2) on
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A.

Effect of Different Doses of Estradiol on Apo c rnRNA

Levels

in

THP-1

Monocytes

Incubated

in

the

Presence

of

Steroid-Free Serum

Dextran-coated charcoal

(DCC)

was used to strip fetal

calf serum (FCS) of endogenous steroids so as not to mask the
effect of exogenously added E2

(Horwitz and McQuire, 1978).

Therefore, steroid-free serum may be referred to as DCC-FCS.
The objective of this study was to determine whether various
doses of E2 had an effect on Apo c mRNA content in THP-1
monocytes
serum.

maintained

in

the

presence

of

steroid-stripped

As shown in Figure 10, Apo C mRNA levels were not

detected in the absence of E2 or in the presence of 100 nM E2
for 24h.

However, the administration of 1000 nM E2 caused an

appearance of Apo C mRNA.

The experiment was performed again

under the same conditions, and the results are presented in
Figure 11.

Monocyte Apo c mRNA levels remained undetectable

in the absence of E2 but increased to the same level with the
100 nM and 1000 nM dose of E2.
B.

Effect of steroid-Free serum or steroid- and Lipid-Free

serum on Apo c rnRNA Levels in THP-1 Macrophaqes

Etherjbutanol (60:40 v;v ratio) extraction leaves serum
void not

only of steroids,

Vitamin E and fatty acids

but also cholesterol,
(Cham and Knowles,

1980).

lipids,
This

steroid- and lipid-free serum may be referred to as EB-FCS.
Following incubation in steroid- and lipid-free serum, cells
should be cholesterol depleted and Apo C mRNA levels should
decrease due to decreased serum HDL and decreased cellular

cholesterol (Mahley, 1979).

This phenomenon was examined in

the absence of E2 and the results are shown in Figure 12.
When compared t.o the group of cells incubated in steroid-free
serum,

a slight decrease in Apo c mRNA content was observed

in the group maintained in steroid- and ·lipid-free serum.
Figure 13 represents a repeat of the experiment performed in
Figure 12.

Incubation

in the lipid-free serum abolished

detectable Apo c mRNA content in macrophages.
c.

Effect of 100 nM Estradiol on Ape c rnRNA levels in THP-1

Macrophaqes Incubated in steroid-Free Serum or steroid- and
Lipid-Free serum
If estradiol exerts a protective effect by enhancing the
production and release of Apo C in lipid-laden macrophages,
one may expect to find levels of Apo C mRNA increased in cells
incubated in the presence of lipids (DCC-FCS) and decreased in
those cells incubated in the absence of lipid
response to estradiol.

(EB-FCS)

in

In the presence of 100 nM estradiol,

there was a decrease in Apo C mRNA content in those cells
incubated in lipid-free serum (Figure 14).

However, when this

experiment was repeated (Figure 15), the reverse situation was
observed in that Apo c mRNA content increased in that group of
cells incubated in lipid-free serum.
III.

Effect of 25-Hydroxy Cholesterol on LDL Receptor (LDLRl

mRNA Levels
Following incubation in steroid- and lipid-free serum
(EB-FCS),

cells are assumed to be cholesterol depleted and

LDLR mRNA levels should increase (Yamamoto et al., 1984).

In

Figure 12.

Effect of steroid-free serum or steroid- and
lipid- free serum on apoprotein c (Apo C) mRNA
levels in THP-1 macrophages.

One group of

cells (6 x 10 7 cellsjgroup) was maintained in
steroid-free serum, and a second group (6 x 10 7
cellsjgroup) in steroid- and lipid-free serum
for at least 72h prior to TPA (16 nM) administration.

After 48h, they then received vehi-

cle treatment

for

an

cells were harvested,

additional

24h.

All

RNA was extracted and

Apo c mRNA levels were quantified by Northern
blot

analysis.

Results

were

obtained

as

arbitrary units of densitometric analysis of
blots and were expressed as the percentages of
~-actin

100) .

mRNA levels (Apo c

mRNA/~-actin

mRNA x
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Figure 13.

Effect of steroid-free serum or steroid- and
lipid- free serum on apoprotein
levels in THP-1 macrophages.

c

{Apo C) mRNA

This experiment

represents a repeat of the experiment shown in
Figure 12.
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Figure 14.

Effect of 100 nM estradiol (E2) on apoprotein
C (Apo C) mRNA in THP-1 macrophages incubated
in steroid-free serum
free

serum.

or steroid- and lipid-

One group

cells/group)

of

was maintained

cells

(6

x

10 7

in steroid-free

serum, and a second group (6 x 10 7 cells/group)
in steroid- and lipid-free serum for at least
72h

prior

to

TPA

(16

nM)

administration.

After 48h, they received 100 nM E2 for 24h.
All cells were harvested,
and

Apo

RNA was extracted

c mRNA levels were quantified by

Northern blot analysis.

Results were obtained

as arbitrary units of densitometric analysis
of blots and were expressed as the percentages
of ,8-actin mRNA levels
mRNA

X

100).

(Apo
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3

z

2

ti

<
m'
~
0

1

0

STEROID-FREE

STEROID- & LIPID-

SERUM

FREE SERUM
100 nM B-E2

Figure 15.

Effect of 100 nM estradiol (E2) on apoprotein
c

(Apo C) mRNA in THP-1 macrophages incubated

in either steroid-free serum or steroid- and
lipid-free serum.

This experiment represents

a repeat of the experiment shown in Figure 14.
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addition, if exogenous cholesterol is added to the. medium, LDL
receptor mRNA levels should decrease.

This became the final

focus of our studies in THP-1 monocytes and macrophages.
A.

Effect of 25-Hydroxy Cholesterol on LDL Receptor mRNA

Levels in THP-1 Monocytes

To determine the effects of exogenous cholesterol on LDL
receptor mRNA content in THP-1 monocytes, cells were incubated
in either steroid-free serum (DCC-FCS) or steroid- and lipidfree serum (EB-FCS) for at least 72h. .At this time, the cells
that

received

either

vehicle,

5 J.Lg/J.Ll or 10 J.Lg/J.Ll 25-hydroxy cholesterol

(25-0H

Chol.).

As demonstrated in Figure 16, lipid-free serum (EB-

FCS)

were maintained

caused an

in

increase

lipid-free

serum

in monocyte LDL receptor mRNA as

compared to the group of cells incubated in steroid-free serum
(DCC-FCS).

The addition of 25-hydroxy cholesterol to the

lipid-free incubations caused a decrease in the content of LDL
receptor mRNA.
ment.

Figure 17 represents a repeat of this experi-

Suppression of LDL.receptor mRNA levels was once again

observed when exogenous cholesterol was added to the lipidfree medium.
B.

Effect of 25-Hydroxy Cholesterol on LDL Receptor mRNA

Levels in THP-1 Macrophaqes

The
effects
phages.

purpose
of

16

exogenous

this

final

study was

cholesterol

to

examine

the

administration to macro-

The same conditions were utilized as described for

Figure 16,
with

of

nM

except that THP-1 monocytes were differentiated
TPA

24h

prior to

cholesterol

addition.

Two

Figure 16.

Effect of 25-hydroxy cholesterol on low-density lipoprotein receptor (LDLR) levels in THP-1
monocytes.

One

group

of

cellsjgroup)

was maintained

cells

(6

x

107

in steroid-free

serum, and three groups (6 x 10 7 cellsjgroup)
·in steroid- and lipid-free serum for at least
72h prior to vehicle administration.

After

24h, the four groups received either vehicle,.
5 fLg/!Ll

or 10

j.Lgfj.Ll

25-hydroxy· cholesterol

(25-0H Chol.) and cell harvesting occurred 24h
later.
were

RNA was extracted and LDLR mRNA levels
quantified

by Northern

blot

analysis.

Results were obtained as arbitrary units of
densitometric

analysis· of

blots

and

were

expressed as the percentages of p-actin mRNA
levels (LDLR mRNA/P-actin mRNA x 100).
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Figure 17.

Effect of 25-hydroxy cholesterol on low-density lipoprotein receptor (LDLR) levels in THP-1
monocytes.

This

experiment

represents

repeat of the experiment shown in Figure 16.
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experiments of this type were performed and are presented in
Figures 18 and 19.

As shown in Figure 18, LDLR mRNA levels

appeared to be highly elevated in cells maintained in the
presence of steroid-free serum.

This is not the case in

Figure 19 as LDL receptor mRNA levels are l"OW in the presence
of steroid-free serum and elevated in
and lipid-free serum.
previous

experiment

t~e

presence of steroid-

However, the important finding of the
(Figures

16

and

17),

that

exogenous

cholesterol administration to lipid-free incubations abolished
detectable

levels

of

macrophage

observed in both experiments.

LDL

receptor

mRNA,

was

Figure 18.

Effect of 25-hydroxy cholesterol on low-density lipoprotein receptor (LDLR) levels in THP-1
macrophages.
cellsjgroup)

One group of cells

(6

x

10 7

was maintained in steroid-free

serum, and three groups (6 x 10 7 cellsjgroup)
in steroid- and lipid-free serum for at least
72h

prior

to

After 24h,

TPA

(16

nM)

administration.

the four groups

received either

vehicle, 5 Mg/Ml or 10 Mg/Ml 25-hydroxy cholesterol

(25-0H

Chol.)

occurred 24h later.

and

cell

harvesting

RNA was extracted and

LDLR mRNA levels were quantified by Northern
blot

analysis.

Results

were

obtained

as

arbitrary units of densitometric analysis of
blots and were expressed as the percentages of
~-actin

100) .

mRNA levels (LDLR

mRNA/~-actin

mRNA x
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Figure 19.

Effect of 25-hydroxy cholesterol on low-density lipoprotein receptor (LDLR) levels in THP-1
macrophages.

This

experiment

represents

repeat of the experiment shown in Figure 18.
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DISCUSSION

The
attempt

first
to

section of

explore

the

this

dissertation describes

regulation,

by

estradiol,

of

an
the

expression of genes that play key roles in directing lipoprotein metabolism.

Macrophages are capable of accumulating

massive amounts of cholesterol-bearing lipoproteins and become
major contribut;ors to atherosclerotic formation
Goldstein,

1983, 1985).

(Brown and

We chose two human monocytic cell

lines, U937 and THP-1, as in vitro models to test macrophage
responsiveness to estradiol.

Differentiation of these cells

into macrophage-like entities was accomplished by exposure to
the potent phorbol ester, TPA (12-0-tetradecanoyl-phorbol-13acetate)

(Tenny

differentiated

and Morahan,
cells

1987).

were used

in

Both

untreated

preliminary

studies

and
to

explore the effect of estradiol on apoprotein E (Apo E) and
LDL receptor (LDLR) mRNA levels.
We observed cross-hybridization of the Apo E cDNA_probe
(pJS15) with apoprotein c 1 (Apo C1 ) mRNA, and the appearance
of Apo E mRNA was minimal.

This class of Apo c has consider-

able structural homology with Apo E.

The exact physiological

role of the Apo c 1 moiety is unknown; however, it is thought
to participate in the process of reverse-cholesterol transport.

In vitro,

Apo

C1 has been

shown to

increase

the

activity of lecithin cholesterol acyltransferase (LCAT) which
63

is

responsible

for

esterification.

a

majority

of

the plasma

cholesterol

Therefore, it may play a role, in vivo, by

transforming nascent HDL into HDL0 particles (Breslow, 1988).
In conjunction with HDL, both Apo E and Apo c 1 , then may aid
in the bodily excretion of cholesterol.

If Apo c 1 is synthe-

sized and secreted by macrophages, then our hypothesis would
still

be valid

excretion

by

Interestingly,

in that

estradiol may enhance cholesterol

regulating

levels

of

cellular

Apo

c 1 mRNA.

the genes for both of these apoproteins lie

directly adjacent to one another on chromosome 19.

It is

therefore possible that these genes are regulated by a common
regulatory element.

We obtained another probe (pJS189) that

was supposedly more specific for Apo E mRNA.

Once again,

significant cross-hybridization with Apo c 1 mRNA was observed
and only minimal amounts of Apo E mRNA were detected.

There-

fore, Apo c was referred to in the interpretation of results
from apoprotein mRNA studies.
In

both

cell

lines,

estradiol

dose-response

studies

revealed considerable variations il) Apo C mRNA content.

There

were several examples of estradiol stimulation of Apo C mRNA;
however, there was no consistent dose-response pattern, and
results were therefore inconclusive.
The patterns of LDLR mRNA in response to estradiol also
varied from experiment to experiment.

As seen in Apo C mRNA

studies, LDLR mRNA levels appeared to be regulated, to some
extent, by estradiol.
was not observed.

However, a consistent response pattern

Our laboratory obtained two plasmids containing cDNAs for
the bovine macrophage Type I
scavenger receptors.
in

the

(pBSR7)

and Type II

(pBSR3)

Scavenger receptors (previously reviewed

Introduction)

recognize

chemically

modified

LDL

molecules and are responsible for their clearance from the
circulation (Devlin, 1982; Brown and Goldstein, 1983).
of rnRNA

for

both Type

I

and Type II

Levels

receptors were not

detected in our system.
Among all studies performed, estrogen receptor mRNA was
only slightly detected in two experiments ·(data not presented).

In addition,

ER binding assays

did not reveal the

presence of receptor binding activity in both cells lines
(data not presented).
The

initial

hypothesis

for

this

investigation

developed and a basic experimental plan was designed.
anticipated that the results would be fruitful.

was

It was

However, the

data accumulated for this section of the dissertation demonstrated a variety of trends, and the only consistency appears
to be inconsistency.

These studies do not clearly indicate

the role of estradiol on molecular processes involved with
lipoprotein metabolism.
continued further.

At this point,

this work was not

Many factors contributed to the difficulty

of this project, including cell culture contamination during
the last phase, the nature of the in vitro models and the lack
of probe specificity.

In addition, since there had been no

previous research demonstrated in this area, the project was
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one of enormous magnitude; and thus, the limits were underestimated.

NON-CLASSICAL MODES OF ACTION FOR STEROID HORMONES
INTRODUCTION

It

is

well-recognized

that

steroid

hormones

induce

physiological alterations 'in their target tissues by interacting with their respective intracellular receptors and affecting processes primarily involved with gene expression.

The

nuclear

and

actions

of

steroid hormones

dominate the literature.

are well-defined

Other actions of steroid hormones

have also been described, thus requiring a re-evaluation of
the modes of action of steroid hormones.

Serious consider-

ation must be given to the possibility that hormonal activity
may be manifested at least in part through mechanisms other
than classical intracellular receptors.

There may be other

types of steroid receptors which dwell in various locales of
the cell and possess a set of different characteristics and/or
responsibilities apart from the form which interacts solely
with nuclear elements.
by

Furthermore,

responses

evoked

binding.

Neither of these concepts has received a sizable

amount of attention.

steroids

in

the

there may be cellular
absence

of

receptor

Our investigation was primarily directed

toward the latter possibility.

The studies presented 'in this

section were designed to determine whether classical steroid
receptor binding by steroid is an absolute pre-requisite for
hormone action.

Our laboratory examined one aspect of this
67
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theory by testing the binding activity of several synthetic
· estrogen analogs to the estrogen receptol' (ER).
REVIEW OF RELEVANT LITERATURE

Classical Steroid Hormone Mechanism of Action
Following is an overview of the most widely accepted
model of the classical "mechanism" of estrogen action.

The

inactive, unliganded ER form is an oligomeric protein molecule
composed of two steroid binding subunits (65 kD/ each) and two
non-hormone-binding phosphoproteins which are 90 kD heat shock
proteins
1987).

(hsp 90)

(Skipper et al.,

1985; Redeuilh et al.,

Hsp 90 interacts with the DNA binding domain of the

receptor and, thus, may stabilize the ER in a non-transformed
state (Nishigori and Toft, 1980; Buchou et al., 1983; Sabbah
et al., 1987).

Upon estrogen binding, the estrogen-ER complex

undergoes physicochemical alterations which are referred to as
"transformation" (Jensen et al., 1968; Milgrom et al., 1973,
1981).

There are dramatic changes in the receptor's conforma-

tion (Sakai and Gorski, 1984; Muller et al., 1985), molecular
weight (Notides and Nielson, 1974) and surface charge (Yamamoto

and Alberts,

1972;

King and

Gordon,

1972).

Hormone

binding initiates the release of hsp 90, and the DNA binding
domain is exposed
1985).

(Sanchez

et al.,

1985;

Catelli et al.,

The receptor rapidly acquires an increased affinity

for DNA or nuclear acceptor sites upon estrogen-ER complex
formation (Jensen et al., 1968; Milgrom, 1981).
is

referred to as

"activation"

This process

and must occur· before the

estrogen-ER complex can bind to DNA or nuclear acceptor sites
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(Grody et al.,

1982).

Target genes for estrogen receptors

contain specific enhancer sequences, termed estrogen response
elements (ERE), usually located within the 5 1 flanking region
of the steroid regulated gene (Yamamoto, 1985; Ringold, 1985;
Klock et al., 1987; Beato, 1989).

The ER binds to an ERE as

a dimer and confers hormonal regulation (Tsai et al., 1988;
Kumar and Chambon, 1988).

There is recruitment of specific

transcription factors (Jost et al., 1985; Cordingly et al.,
1987; Schule et al. ,
initiated,

1988)

and when transcription. is being

there is also recruitment of RNA polymerase II

(Hawley and Roeder, 1985; Buratowski et al., 1989).

It must

be noted that the interaction between the receptor and the ERE
is

specific

and ·.necessary,

but

sufficient transcriptional

alterations occur only in the presence of hormone (Corthesy et
al., 1988') .

Stable complex formation at the enhancer sites

results in either a selecti:ve increase or decrease in gene
transcriJ?tion which

influences the production of

mRNAs (Anderson, 1985; Beato, 1989).

specific

In response, there is an

alteration in specific protein levels which is responsible for
the generation of the estrogenic response.

The high affinity

intracellular receptor appears to be mandatory for the alterations in gene expression ordered by the hormone.
Until recently, theory has presumed that the inactive,
unoccupied
cytoplasm.

steroid

receptor

resides

exclusively

in

the

However, technological advances have revealed that

both free- and ligand-bound forms of the receptor are located
in

the

nuclear

compartment.

In

cytochalasin

B-induced
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enucleation

studi~s

(separation of the nucleoplast from the

cytoplast), the majority of the total cellular ER was recovered in the nucleus (Welshons et al., 1984).
supported this

finding

Immunological

studies

further

(King

and Greene,

1984).

Immunocytochemical staining of cells treated with

anti-ER antibodies indicated that the ER is almost always
associated with the nucleus, even in the absence of hormone.
The information gleaned from these investigations suggested
that "cytosol"

receptors

in the intact cell are bound to

nuclear sites by low-affinity interactions, and as a result,
are recovered in the soluble fraction following cell or tissue
homogenization and centrifugation.

"Nuclear" receptors are

found in the particulate fraction of the homogenate, following
hormone exposure.

Occupied receptors are more

intimately

associated with chromatin sites and thus resist solubilization.

Although the

evidence

for nuclear

localization of

unoccupied receptors appears persuasive, the issue is far from
being resolved.

The results from the cytochalasin B studies

may represent an effect of the drug on intracellular receptor
redistribution (Welshons et al., 1984).
chemical

and

immunohistochemical

Furthermore, histo-

studies have

indicated a

cytoplasmic or perinuclear localization of the unoccupied
receptor prior to hormone treatment and nuclear localization
in the presence of steroid (Nenci et al., 1976; Lee, 1978;
Petschuk,

1978;

Rao et al.,

1980;

Perrot-Applanat,

1986).

Regardless of the intracellular compartmentalization of the
un-liganded receptor form,

the important event for steroid

7l

action, as defined by the classical mechanism, is the transformation and activation of the receptor upon steroid binding,
to a form which interacts with intranuclear sites with high
affinity.
Non-Classical Mediated Effects of Steroid Hormones
Steroid hormones may play a role on the extracellular
side of the plasma membrane.

Although effects have been

reported for estradiol and testosterone, the best documented
studies involve progesterone and it's metabolites.

studies

have suggested that progesterone may bind specifically and
with

high

affinity

to

saturable

sites

in

brain

tissue,

stimulating the hypothalamic release of luteinizing hormone
releasing hormone (LHRH)

(Ke and Ramirez, 1987, 1990).

Other

studies indicate that steroids interact with neurotransmitter
receptors.
modulate

The A-ring-reduced metabolites of progesterone
the

action

of

the

GABAA

receptor complex (Majewska et al.,
1987; Gee, 1988; Schumacher, 1989).

(y-aminobutyric

acid)

1986; Callachan et al.,
3a-Hydroxy-5a-pregnan-20-

one (3a,5a-THP) interacts with the GABAA receptor complex to
induce anesthesia

(Kavaliers and Wiebe,

1987),

to .release

luteinizing hormone (LH) from the pituitary in vivo (Brann et
al., 1990a), and to inhibit prolactin release from pituitary
cell cultures in vitro (Vincens et al., 1989).

An interesting

finding, outside of the brain region, is that 3a,5a-THP and
another progesterone metabolite,

3~-hydroxy-5~-pregnan-20-one

inhibits. uterine contractility via the GABAA receptor complex
(Maj ewska

et

al.,

1989;

Putnam

et

al.,

1991) .

Uterine
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contraction can also be brought about by progesterone or some
progesterone
receptor.

metabolites

acting

through

the

progesterone

Therefore, these results indicate that the uterus

possesses more

than

one mechanism

for

inhibiting uterine

contractility.

In human sperm plasma membranes, progesterone

and 17a-hydroxy progesterone induce a rapid influx of calcium
ions into sperm (Thomas and Meizel, 1989; Blackmore et al.,
1990).

There is evidence that this calcium-channel activity

is a receptor-mediated event which does not involve voltagesensitive channels (Blackmore et al., 1990).
rat brainstem,

However, in the

progesterone stimulates calcium channels by

altering membrane potential

(Ke and Ramirez,

steroid hormones produce similar responses.

1990).

Other

Estradiol has

been shown to change the permeability of the postsynaptic
membrane of medial amygdala neurons to potassium ions (Nabekura et al.,

1986).

Additionally,

estradiol decreases the

number .of serotonin type 1 receptors in the female rat brain
(Biegon and McEwen,

1982).

Binding sites for testosterone

have been found in the plasma membrane of both heart and
kidney cells; their presence has been correlated with calcium
influx stimulation (Koenig et al., 1989).

The rapidity with

which these hormones act suggests that the mechanism does not
involve alterations in gene expression (Pfaff and Pfaffmann,
1969; Kelly et al., 1977; Nabekura et al., 1986; Hua and Chen,
1989).

The above findings represent only a small portion of

evidence in support of an emerging concept which recognizes
that steroid hormones may evoke their actions through multiple
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mecnanisms.

Transcriptional effects of steroid hormones have

been the central focus of study for years, but as suggested by
Keith Yamamoto (University of California at San Francisco), it
is unlikely that all processes altered by steroids are due to
transcriptional regulation.
Pharmacological Approaches to Steroidal Agents
There

has

been

enormous

progress

in

the

manipulate steroid hormone-dependent functions.

ability

to

The pharmaco-

logical approach to the development of highly potent steroid
hormone analogs involves synthetic chemical modifications of
naturally occurring steroids.

This strategy enhances the

structural stability of the steroid molecule, provides greater
sustained blood levels of hormone and thus prolongs biological
activity.

The introduction of substituent groups at structur-

al points of rapid metabolism can protect essential functional
groups and increases hormone action.

Methylation or esterifi-

cation of functional hydroxyl groups lends a protective effect
by

preventing

their

rapid

(Wilson and Griffin, 1980).

metabolism

in

the

circulation

Addition of a methyl group at the

17a-position of testosterone (17a-methyl testosterone) reduces
hepatic inactivation, and therefore increases the hormone's
concentration in the systemic circulation (Matsumoto, 1990).
The introduction of a methoxy group to the C-3 position on
17a-ethinyl estradiol, a potent synthetic contraceptive agent,
renders the molecule (mestranol) extremely fat soluble and, as
a

result

it

can

be

stored

and

released

circulation (Delforge and Ferin, 1970).

slowly

into

the

Since mestranol does
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not bind the ER, it must be demethylated in the hepatic portal
system to

the

active

agent,

17a-ethinyl estradiol.

17{3-

Hydroxyl esterification of testosterone produces a steroid
which

is highly

soluble

in

injection vehicles

(sesame

or

cotton seed oil) and, therefore allows for slow release into
the circulation.

These esterified compounds

(testosterone

propionate, testosterone enanthate and testosterone cypionate)
do not possess androgenic activity and require hydrolysis to
the

native hormone,

testosterone,

(Snyder and Lawrence, 1980).

for

biological

activity

The introduction of the ester

group appears to protect the compound from rapid metabolism,
thereby increasing blood half-life and prolonging biological
activity.
The 11{3-position has been established as a

favorable

candidate for structural alterations on the steroid structure.
Raynaud's

laboratory

introduction

of

a

(Raynaud

methoxy

et

group

al.,
at

1973)
the

showed

11{3-position

estradiol markedly increases estrogenic activity.
activity

in

this

binding activity.

case,

does

not

that

correlate

of

Biological

with

receptor

Introduction of the 11{3-methoxy group to

estradiol produces a significant decrease in the affinity for
receptor, thus suggesting that. 11{3-methoxy estradiol exerts
its potent effects without directly interacting with the ER.
One possible explanation for this phenomenon may be that this
agonist

is

converted to

the

parent

compound,

11{3-hydroxy

estradiol, which then binds to the receptor with high affinity
to produce the biological response.
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Since esterification increases hormonal activity,

and

because the C-11 position of estradiol is a suitable location
for

the

introduction of

substituent

Gabbard (1984) esterified the

groups,

11~-hydroxy

Segaloff

and

group of estradiol

with various groups (formate, acetate, propionate, butyrate,
hexanoate, heptonoate and benzoate) and examined the estrogenic

effects

measured

in

the

including

rat

uterus.

Several

uterotropic

and

parameters

gonadotropin

were

release

inhibition activity, as well as the ability of the analogs to
bind rat uterine cytosolic ER.

The uterotropic potency, as

measured by the ability of the compound to double uterine
weight, is best with the smaller esters and decreases as the
size of the 11,8-ester group increases beyond acetate.
the results clearly show that the
the binding of
cytosol ER.
have

steroid structure to

do not enhance

the

rat uterine

This demonstrates, once again, that the ER may

little to

response.

the

11~-esters

Also,

do with the

elicitation of

Of particular interest,

11~-acetoxy

an

estrogenic

estradiol was

not as effective as estradiol in the uterotropic assay, but
was

more

active

in

inhibiting

gonadotropin

release

when

measured, indirectly, by the ability of the compound to reduce
the ovarian weight by 50% in parabiotic rats.
this case,

Therefore, in

uterotropic activity and inhibition of gonadotro-

pin release were not parallel.

Despite the potent effect on

gonadotropin suppression, the displacement of 3 H-estradiol by
11~-acetoxy

estradiol, from the rat uterine cytosol ER, was

approximately one-third of that demonstrated by estradiol.

In
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comparison to the other esters studied, the results indicated
that any substituent larger than an acetoxy group resulted in
a dramatic decrease in all three parameters measured.
parent compound,

The

11,8-hydroxy estradiol displayed virtually

little or no estrogenic activity among the three parameters
examined.
To confirm the biological activity of 11,8-acetoxy and
11,8-hydroxy

estradiol,

Uberoi,

et

al. ( 1985)

measured

the

effect on gonadotropin secretion directly, using radioimmunoassays for luteinizing hormone (LH) and follicle stimulating
hormone

(FSH) .

These

assays

are

extremely

determining serum levels of both gonadotropins.

accurate

in

Low doses of

ll,B-acetoxy estradiol, administered to ovariectomized immature
rats, prevented the post-castration rise of serum LH, while
restoration to intact control levels occurred at higher doses.
In contrast, a significant and selective release of FSH was
observed with a low dose of hormone; and, then levels were
suppressed with higher doses.

These levels remained consis-

tently elevated over intact controls.

In the above studies by

Segaloff and Gabbard (1984), 11,6-acetoxy estradiol was found
to have weak uterotropic activity in terms of the ability to
double uterine weight.
al., 1985),

(Uberoi et

re-defined uterotropic potency as the ability of

the compound to
levels.

However, Mahesh's group

restore uterine weight to

intact control

Utilization of this measurement contradicted the

findings by Segaloff and Gabbard

(1984)

by indicating that

11,8-acetoxy estradiol was much more potent than estradiol as
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a uterotropic.agent.

11~-Acetoxy

estradiol had approximately

four times the biological activity of estradiol, while

11~

hydroxy estradiol possessed less than 1% of the activity of
estradiol.

The investigators suggested that deacetylation of

11~-acetoxy

activity of

to

11~-hydroxy

11~-acetoxy

does not explain the biological

estradiol.

The epimer of

11~-hydroxy

estradiol, lla-hydroxy estradiol, was found to be void of any
estrogenic activity.
Our

studies

addressed

Segaloff's studies.

a

critical

issue

concerning

It was difficult to evaluate the binding

results discussed above since the assays employed were poorly
described and appeared not to be standard receptor binding
methods.

Therefore, we attempted to confirm, independently,

the binding studies performed by his laboratory.

Our labora-

tory utilized established and well-defined techniques

for

measuring steroid receptor binding levels in several target
tissues.

It was important to determine ER binding activity of

11~-acetoxy

11~-hydroxy

estradiol and

low biological activity of

11~-hydroxy

estradiol because the
estradiol (Segaloff and

Gabbard, 1984; Uberoi et al., 1985) could be due to the rapid
metabolism of the compound.
determine if

11~-acetoxy

In addition, it was necessary to

estradiol had appreciable ER binding

properties, and if not, could the activity be explained by
conversion to

11~-hydroxy

estradiol at the target site.

binding data obtained for the compounds analyzed:
iol,

11~-acetoxy

estradiol,

11~-hydroxy

The

17~-estrad

estradiol and lla-

hydroxy estradiol, are presented in this chapter.

As a source
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for ER binding,

we utilized rat uterine cytosol that was

either untreated or partially purified by ammonium sulfate
precipitation prior to the ER binding assay.
These studies were paramount since it has been strongly
suggested that hormone receptor binding may not always predict
biological potency.

It is of potential significance that

alternate mechanisms for steroid hormone action may exist,
other than those involving classical intracellular receptor
mediation.

MATERIALS AND METHODS

Animals

Mature Sprague-Dawley female·rats were obtained at 63
days of age from Holtzman Laboratories (Madison, WI).

They

were maintained in an air-conditioned, light controlled room
with a 14 h light: 10 h dark cycle (lights on 0500 h; off 1900
h EST) and were given water and commercial rat chow (Wayne) ad
libitum.

on Day 65 of age, bilateral ovariectomy was per-

formed under ether anesthesia, and all animals were sacrificed
14 days later at 79 days of age.
steroids and Reagents

17/3-[2,4,6,7 - 3H]-Estradiol (100 Cijmmol) was obtained
from New England Nuclear Corporation

(Wilmington,

DE)

and

purified to > '98% radiochemical purity by descending paper
chromatography in two successive systems as established by
Mahesh

( 1964).

Radio inert 17,8-estradiol was obtained from

Sigma Chemical Company (St. Louis, MO).

Hydroxylapatite (Bie-

gel HTP) was purchased from Bio-Rad (Richmond, CA).
chemicals

(reagent grade)

were obtained

All other

from either Sigma

Chemical Company or from Fisher Scientific (Pittsburgh, PA).
Buffers

The buffer used for tissue homogenization and cytosol
binding assays

was TEDG (10 mM Tris-HCL, 1.5 mM Na 2EDTA, 1 mM

dithiothreitol and 10% vjv glycerol,
79

pH 7.4).

The pH was
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adjusted to 7.4 at room temperature, and the buffer was stored
at 4 degrees Celsius.
Tissue Preparation and cytosol Isolation
On Day 79 of age, animals were sacrificed by decapitation
and uteri were removed and placed into ice-cold TEDG buffer.
We have determined in our laboratory that the protein concentration of 3 uterine horns, from adult ovariectomized (2 week)
female rats,

in 1 ml buffer is approximately 1 mgjml.

The

tissue was homogenized (3 uterine horns/ ml TEDG buffer) on
ice with a Polytron PT 10 homogenizer (set at 4-5) with three
15 second bursts each with 30 second cooling periods between
each burst.
minutes.
nuclear
minutes.

The homogenate was centrifuged at 800 x g for 20

The supernatant
pellet

and was

(cytoplasm)

was removed from the

centrifuged at

11, ooo

x

g

for

15

The supernatant (post-mitochondrial) was extracted

from the mitochondrial pellet, and the final centrifugation
(at 105,000 x g 60 minutes) yielded cytosol (supernatant) and
microsomes (pellet), the latter of which was discarded. The
isolated cytosol was either used without modification, or this
fraction was partially purified by ammonium sulfate precipitation.
Ammonium Sulfate Precipitation of Whole Cytosol
Ammonium sulfate, (NH 4 ) 2S0 4 , was used to partially purify
cytosol obtained after differential centrifugation of homogenized uteri.

Cytosol was brought to 40%

(NH4 ) 2S04 by adding

the salt from a saturated solution (in TEDG buffer, pH 7.4)
dropwise over a period of 15 minutes at 4 degrees Celsius with
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constant stirring (Green and Hughes, 1955}.

Precipitation was

allowed with

2h

slow

constant

stirring

for

at

4

degrees

The sample was then centrifuged at 14, ooo x g for 20

Celsius.

minutes and subsequently washed with 1 ml saturated (NH4 ) 2So 4
solution.

Pellets were resuspended

defined volume.

in

TEDG buffer to

a

The precipitated cytosol was then desalted

by dialysis or G25 sephadex chromatography.
Dialysis with Precipitated cytosol
'

Cellulose dialysis tubing, 0.689 inch in diameter, was
cut into 12 inch strips and washed extensively with glass distilled water.

Tubing was then placed in a solution of 0.02 M

sodium EDTA, 0.002 M ascorbic acid in 0.5 mM phosphate buffer,
pH 7.4 for 24h with gentle shaking at 4 degrees Celsius.

Bags

were rinsed inside and outside with glass distilled water
before use.

Knots were tied at one end of the strip, cytosol

was pipetted inside,

and the bags were sealed by knotting.

Sample was dialyzed at 4 degrees Celsius against a
volume

of

0. 5 mM phosphate buffer,

stirring for 24h.

pH

7. 4 with

large

constant

The phosphate buffer was changed once every

6h, and there was no appreciable volume change of sample over
the dialysis period.

The sample was then ready for use in the

receptor binding assay.
G-25 Sephadex chromatography With Preclpitated cytosol

G-25

Sephadex resin

(Pharmacia,

Uppsala,

Sweden)

was

allowed to swell in TEDG buffer (20 g resin/ 800 ml buffer) at
room temperature for 3h, and then TEDG buffer was changed 4
times.

A mild vacuum was applied for 30 minutes to remove air
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bubbles.

Fifty cc syringes were used as columns for these

studies.

A damp piece of glass wool fiber was placed at the

bottom of the column,

and then swollen and washed; vacuum

treated G25 resin was. poured in slowly and continuously.

The

void volume was meas·ured by Dextran Blue 2000 exclusion.

The

column was washed thoroughly with TEDG buffer.

Precipitated

cytosol sample was layered onto the top of the resin bed and
allowed to penetrate at which time TEDG buffer was added to
the resin bed.

Twenty-five fractions of 2.5 ml each were

collected (12 mljminute) in the cold room.
tration

was

measured

at

OD280

and

the

Protein concen-

protein-containing

fractions were pooled and utilized in the receptor binding
assay.
Preparation of Hydroxylapatite suspension

A hydroxylapatite slurry was used to separate bound and
free steroid.

A modification of the technique of Pavlik and

Coulson (1976) was used to prepare the slurry.
ice-cold TP buffer (0.05 M Tris, 5 mM KH 2P0 4 ,
added to one part hydroxylapatite powder.

Six parts of
pH 7.4)

were

The mixture was

swirled gently and allowed to settle for 10 minutes at 4
degrees Celsius.

The cloudy upper layer and the fines at the

top of the settled bed were decanted and discarded.
process was repeated three times.
performed
pH7.4).

using

buffer

(0.01

Two additional washes were
M Tris,

1.5

mM

Na 2EDTA,

Final resuspension was done in TE buffer (3.75 mljg

hydroxylapatite),
Celsius.

TE

This

and the slurry was

stored at

4 degrees
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Binding Assays

Whole cytosol or partially purified cytosol (desalted via
dialysis.or G-25 sephadex chromatography) was used as a source
for ER binding in these competition studies.
ml) was incubated

cytosol (0.10

in the presence of 2 nM 3H-estradiol with

a 0 to 2000 fold-molar increase (0, 1, 10, 50, 100, 500, 1000
and 2000) of unlabeled competitor:
estradiol,

17,8-estradiol, 11,8-acetoxy

11,8-hydroxy estradiol and 11a-hydroxy estradiol.

The total volume was brought to 1 ml with TEDG buffer.

The

cytosol competition assay was incubated for 18h at 4 degrees
Celsius.

Separation of bound and free steroid was accom-

plished by hydroxylapatite adsorption of the steroid receptor
complex (Pavlik and Coulson, 1976).

Hydroxylapatite slurry

(0.25 ml) was added to each assay tube and incubated for 30
minutes at 4 degrees Celsius with vortex mixing at 10 minute
intervals

(this allowed adsorption of the steroid receptor

complexes to the hydroxylapatite).

Two ml of TEDG buffer was

then added to each tube, and the tubes were centrifuged at
1000 x g for 10 .minutes.

The hydroxylapatite pellets were

washed 3 times with TEDP buffer.
cut near the bottom,

The plastic assay tubes were

and the lower portion,

hydroxylapatite-steroid receptor complex,

containing the

was placed

in a

mixture of 0.5 ml 95% ethanol and 10 ml of Permablend scintillation cocktail (5 g Permablend II per liter toluene).

The

mixture was shaken for 2 hours and then the radioactivity was
counted.
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Measurement of Radioactivity

Bound

steroid

was

quantified

in

a

Beckman

LS-7500

Scintillation Spectrometer (Beckman Instruments, Palo Alto,
CA) with permablend II (5g per liter of toluene) as scintillation fluid.

The external standard ratio method was used for

the conversion of cpm to dpm.
statistics

The results are expressed as mean ± standard error of the
mean.

The differences were analyzed by one-way analysis of

variance

(ANOVA)

and significance at the p<O. 05 level was

determined by Fisher's protected least significant differences
(PLSD) .

RESULTS
steroidal Specificity for Uterine Cytosolic Estrogen Receptors

The uterotropic activity of an estrogen analog,
acetoxy estradiol,
despite

its

low

11,8-

has been reported to be highly potent

level

of

estrogen

receptor

(ER)

binding

activity (Segaloff and Gabbard, 1984; Uberoi et al., 1985).
The

possibility

existed

that

11,8-acetoxy

estradiol

was

converted in vivo to 11,8-hydroxy estradiol, and this analog
may have had high ER binding activity.

In addition,

the

binding studies performed with 11,8-acetoxy estradiol and 11,8hydroxy estradiol were not accurately described in previous
studies (se'galoff and Gabbard, 1984).
from

the

classical

receptor

theory

Since a dissociation
could

be

potentially

significant, the purpose of our studies was to independently
confirm the binding results reported above.

We obtained 11,8-

acetoxy

and

estradiol,

11,8-hydroxy

estradiol

11a-hydroxy

estradiol from Dr. Segaloff, and performed competitive binding
assays using rat uterine cytosol. The results were compared
with those obtained by using 17,8-estradiol.

Specifically, we

measured the ability of each of these compounds to displace
the

binding

of

3

H-estradiol

binding

from

the

ER.

Whole

cytosol was prepared from uteri of adult rats ovariectomized
for 14 days prior to sacrifice and prepared for competition
assays as follows:

1)

untreated; 2)
85

partially purified with
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40% ammonium sulfate and, then desalted via dialysis; or 3)
partially purified with 40% ammonium sulfate and desalted by
G25 sephadex chromatography.

A.

competitive Binding of Various synthetic Estrogens for the

Estrogen Receptor in Whole Uterine Cytosol
The purpose of this study was to examine the ability of
17~-estradiol,

11~-acetoxy

11~-hydroxy

estradiol,

estradiol

and 11a-hydroxy estradiol to displace 3 H-estradiol from the ER
in whole

(untreated)

uterine cytosol.

Uterine cytosol was

incubated with 2 nM 3H-estradiol and 0 or 2 to 4000 nM concentrations (0 to 2000 fold molar excess) of unlabeled competitor
for 18h at 4 degrees Celsius.

17~-Estradiol displaced 91% of the binding of 3H-estradi-

20.
ol

The results are shown in Figure.

even when

incubated at the 2 nM

concentration.

At

the

4000

nM

( 1 fold molar ex'cess)

(2000

fold

molar

excess)

concentration, 3H-estradiol binding to the ER was inhibited by
99%.

Each of the three compounds

(11~-acetoxy

estradiol,

11~

hydroxy estradiol and 11a-hydroxy estradiol) caused a slight
dose-dependent inhibition of 3H-estradiol binding to the ER.
The

competitive

binding

activity

of

these

significantly lower than that observed for

compounds

was

17~-estradiol.

The

first significant inhibition of 3H-estradiol binding by 11~
acetoxy

estradiol

occurred

unlabeled competitor.

at

the

2

nM

concentration

of

At this dose, binding was inhibited by

20% as compared to controls.

This was followed by a stepwise

increase in inhibition with 43% at the 4000 nM dose.
(10 fold molar excess) concentration of

11~-hydroxy

A 20 nM
estradiol

Figure 20.

Competitive binding for the estrogen receptor
(ER) in whole uterine.cytosol.

Uterine tissue

was obtained from 2 week ovariectomized adult
rats

and

was

homogenized

in

TEDG

buffer.

Whole cytosol was isolated via differential
centrifugation. Aliquots
bated with 2 nM

3

(100 Ml)

we~e

incu-

H-estradiol plus increasing

concentrations (0 to 2000 fold molar excess)
of each competitor for lBh at 4 degrees Celsius.

Competitors used were:

17)3-estradiol

(17B-E2) , 11)3-acetoxy estradiol ( llB-ACE E2) ,
11)3-hydroxy

estradiol

( llB-OH

hydroxy estradiol (llA-OH E2).

E2)

and

lla-

Results were

expressed as the mean of the DPM levels, ± SEM
(n=3).

a: .p<0.05 vs.

llB-ACE

E2;

c:

17B-E2; b: p<0.05 vs.

p<0.05

vs.

llB-OH

E2;

*:

concentration at which competitor first inhibited the binding of 3H-estradiol to the. ER.
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was required to significantly decrease 3 H-estradiol binding to
the ER.

As compared to control levels, this dose of competi3

tor inhibited 9% of

H-estradiol binding and 4000 nM 11)3-

hydroxy estradiol yielded 29% binding inhibition.

A similar

dose-dependent response was found with lla-hydroxy estradiol
which first significantly displaced 3 H-estradiol binding by 7%
at the 100 nM (50 fold molar excess) dose of competitor.

At

the highest dose (4000 nM) used, lla-hydroxy estradiol caused
Furthermore,

27% inhibition.
were

observed

among

some significant differences

11)3-acetoxy

estradiol,

11)3-hydroxy

estradiol and lla-hydroxy estradiol at each of the different
concentrations.
B.

competitive Binding of various Synthetic Estrogens for

the Estrogen Receptor in Partially Purified Uterine Cytosol
Desalted Via Dialysis

To

determine

whether

the

use

of

partially

purified

cytosol would provide a better source for ER binding by the
competitors, whole cytosol was precipitated with 40% ammonium
sulfate and then desalted for 24h by dialysis.

The incubation

with radiolabeled estradiol and competitors was identical to
that described for Figure 20.
the highest degree

of

Again 17)3-estradiol exhibited

inhibition whereas

the other three

competitors demonstrated relatively low levels of ER binding
(Figure 21).

3 H-estradiol

binding was displaced by 83% wi~h

the 2 nM (l fold molar exc'ess) dose of 17)3-estradiol and by
99% with the 4000 nM (2000 fold molar excess) dose of 17)3estradiol.

The 2 nM concentration of 11)3-acetoxy estradiol

Figure 21.

Competitive binding for the estrogen receptor
(ER)

in uterine

cytosol

partially purified

with 40% ammonium sulfate and desalted via
dialysis.

Uterine tissue was obtained from 2

week ovariectomized adult rats and was homogenized in TEDG buffer.

Whole cytosol,

iso-

lated

centrifugation,

was

ammonium sulfate

and

via

differential

precipitated with

40%

then desalted via dialysis as described in
Materials and Methods.
purified cytosol (100

Aliquots of partially
~1)

were incubated with

2 nM 3H-estradiol and increasing concentrations
(0 to 2000 fold molar excess) of each competitor for 1Bh at 4 degrees Celsius.
used were:

17~-estradiol

(17B-E2),

oxy estradiol {11B-ACE E2),
diol

( 11B-OH E2)

(11A-OH E2).
mean of the

Competitors
11~-acet

11~-hydroxy

estra-

and 11a-hydroxy estradiol

Results were expressed as the
DPM levels,

± SEM

(n=3) .

a:

p<O.OS vs. 17B-E2; b: p<O.OS vs. llB-ACE E2;
c: p<O.OS vs. 11B-OH E2; *:

concentration at

which competitor first inhibited the binding
of 3 H-estradiol to-the ER.
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was effective in causing a significant decrease in 3 H-estradiol binding.

At this dose, the binding of labeled hormone was

inhibited by 8% as

compared to the

increasing concentrations of

control value.

11~-acetoxy

With

estradiol, a gradual

dose-dependent increase in 3 H-estradiol binding inhibition was
observed with 46% at the 4000 nM dose. The first significant
inhibition of

3

H-estradiol binding by 11~-hydroxy estradiol

occurred at the 20 nM (10 fold molar excess) concentration of
unlabeled competitor where the binding activity of 3 H-estradiol was reduced by 16% as compared to the control.
incubated in the presence of 4000 nM

11~-hydroxy

When

estradiol, a

28% reduction of 3H-estradiol binding to the ER was observed.
Again,

a similar inhibitory response was exhibited by lla-

hydroxy estradiol.

A 200 nM (100 fold molar excess) concen-

tration of this competitor was necessary to significantly
inhibit the ER binding activity of
dose,

ER binding by

3

3 H-estradiol.

H-estradiol was

compared to the control.

inhibited by

At this
21%

as

A stepwise increase in inhibition

occurred over the dose-range utilized with 25% inhibition at
the 4000 nM dose of lla-hydroxy estradiol.
c.

competitive Binding of Various synthetic Estrogens for the

Estrogen

Receptor

in

Partially

Purified

Uterine

Cytosol

Desalted Via G25 sephadex Chromatography

The ER binding activity of the
examined

in

cytosol

four

competitors was

partially purified with

40%

ammonium

sulfate and then desalted via G25 sephadex chromatography.
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When utilized in place of dialysis, G25 sephadex chromatography prepares cytosol for the binding assay in a matter of
hours.
of

the

Therefore, this method better preserves the stability
ER.

Incubation

conditions

3 H-estradiol

with

and

competitors were identical to those described in Figure 20.
As compared to Figures 20 and 21, we observed similar patterns
for 3H-estradiol displacement (Figure 22).
concentration (1 fold molar excess) of

When the lowest

17~-estradiol

was used,

binding of 3 H-estradiol to the ER was decreased by 73%.
the dose range utilized, inhibition by

17~-estradiol

Over

occurred

in a dose-dependent manner with 98% inhibition at the 4000 nM
11~-Acetoxy

(2000 fold molar excess) dose.

estradiol began to

be significantly effective as an inhibitor at the 100 nM (50
fold molar excess) concentration.
3

H-estradiol

cytosol,

binding

while the

4000

caused 39% inhibition.
labeled hormone by

activity

At this dose, 18% of the

was

nM dose of

inhibited

in

11~-acetoxy

uterine
estradiol

Significant displacement of the radio-

11~-hydroxy

2 nM dose of competitor.

estradiol first occurred at the
3 H-

As compared to the control,

estradiol binding to the ER was inhibited by 12% at the 2 nM
concentration and by 28% at the 4000 nM concentration.
nM

(10

fold

estradiol

was

molar

excess)

necessary

to

concentration
significantly

binding activity of 3H-estradiol.
3

of

A 20

lla-hydroxy

inhibit

the

ER

At this dose, ER binding by

H-estradiol was inhibited by 14% as compared to the control.

A stepwise increase in inhibition occurred over the dose-range

Figure 22.

Competitive binding for the estrogen receptor
(ER)

in uterine

cytosol

partially purified

with 40% ammonium sulfate and desalted via G25
sephadex chromatography.

Uterine tissue was

obtained from 2 week ovariectomized adult rats
and was homogenized in TEDG buffer.

Whole

cytosol, isolated via differential centrifugation,

was

precipitated

with

sulfate and then desalted via

40%

ammonium

G25

sephadex

chromatography as described in Materials and
Methods.

Aliquots

of

partially

purified

cytosol (100 Ml) were incubated with 2 nM

3 H-

estradiol and increasing concentrations (0 to
2000 fold molar excess) of each competitor for
l8h at 4 degrees Celsius.
were:

l7J3-estradiol

Competitors used

(17B-E2),

ll/3-acetoxy

estradiol (11B-ACE E2), 11/3-hydroxy estradiol
(llB-OH E2) and lla-hydroxy estradiol (llA-OH
E2) .

Results were expressed as the mean of

the DPM levels ± SEM (n=3) .

a:

p<0~-05

l7B-E2; b: p<O.OS vs. llB-ACE E2; *:
tration at which competitor first

vs.

conceninhibited

the binding of 3H-estradiol to the ER.

92

20000
::;:

25000

•

25000

20000

::;:

15000

c.

l1'ill 118-ACE E2

178-E2

c.

Q

15000

•

Q

10000

10000

5000

5000

0
0

~

0

0
It)

0
0

0
0
It)

0
0
0

0

0
0
0
C\1

0

•

20000

::;:

c.

0
0

0
0
It)

0
0
0

0
0
0
C\1

FOLD MOLAR EXCESS

25000

118-0H E2

lZl

11A-OH E2

20000
::;:

15000

c.

•

Q

0
It)

FOLD MOLAR EXCESS

25000

0

~

15000

Q

10000
5000

0

.;....

0

0

._

U')

0

0

.....

0

0

tO

o,

0

0

0

0

~

C\1

FOLD MOLAR EXCESS

0

0

..-

0

0
Ll)

0

0

0

0

0

0

0

0

..-

U')

0

0

C\1

FOLD MOLAR EXCESS

93

utilized with 30% inhibition at the 4000 nM dose of llahydroxy estradiol.
Two experiments were performed for each of the three
cytosol treatments described above and the binding results
followed the same patterns.

DISCUSSION

The studies presented in this section of the dissertation
confirm the

findings

of Segaloff and Gabbard

(1984).

ER

binding by ll.B-acetoxy estradiol and ll/3-hydroxy estradiol was
very weak.

In addition.,

we demonstrated that lla-hydroxy

estradiol possessed relatively little affinity for the ER.
Indeed, the receptor binding activity of ll.B-acetoxy estradiol
does

not

relate

well

with

the

extent

of

its

biological

activity which is four times that of l7.B-estradiol (Uberoi et
al.,

l985).

Another highly potent estrogen

analog,

ll/3-

methoxy estradiol, also exhibits relatively poor ER binding
activity (Raynaud et al., l973).
ll.B-acetoxy

estradiol

and

It has been suggested that

ll.B-methoxy

estradiol

may

be

converted at the target site, in vivo, to the parent compound
llJ3-hydroxy estradiol which could then bind the ER with high
affinity for the manifestation of the estrogenic response.
The two binding studies conducted independently, indicate that
this is not the case since ll/3-hydroxy estradiol exhibited
poorER binding activity.

Furthermore, llJ3-hydroxy estradiol

has been shown to possess less than l% of the biological
activity of

l7.B~estradiol

(Uberoi et al., l985).

Our binding

studies with ll.B-acetoxy estradiol demonstrate a disassociation from the classical receptor binding theory,

and thus,

lend support to the theory which proposes that "non-classical"
94
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'

mechanisms exist for steroid hormone action.

A definitive

explanation for the unusual biological activity of 11,6-acetoxy
estradiol has not yet been provided.
There are other examples which indicate that steroid
receptor

binding

activity

biological potency.

may

not

always

correlate

with

Doisynolic and bisdehydrodoisynolic acids

are phenolic carboxylic acids which are alkaline degradation
products of estrone and equilenin,
al., 1982).

respectively

(Meyers et

These compounds are highly active estrogens but

possess very low affinity for the ER.

(+) -E-16, 16-Dichlorodo-

isynolic acid and (+)-E-16,16-dibromodoisynolic acid exhibit
estrogenicity of the same order as that of (+)-17,6-estradiol
Howev~r,

(estradiol).
two

compounds

estradiol.

was
In

the ER binding activity of each of the

found

to be

addition,

less

than

1%

of

that

(±)-Z-bisdehydrodoisynolic

for
acid

possesses greater uterotropic activity but only 2% of the
binding activity of estradiol.
terol

(DES)

derivatives,

Conversely, diethylstilbes-

indenestrol

A and

indenestrol

B

interact with the uterine ER with high affinity, yet exhibit
poor uterotropic activity

(Korach,

1987).

Both compounds

retained receptor levels in the nucleus which were comparable
to DES even though biological activity was not stimulated.
This

phenomenon

suggested

to

the

investigators

that

the

presence of the receptor protein itself within the nucleus is
not all that is needed for stimulation.
According to traditional theory, steroid-receptor complex
formation causes the receptor to have an increased avidity for
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specific genomic sites.

The interaction between activated

receptor and DNA culminates in the generation of an appropriate biological response.

The photoaffinity agent, 4-mercuri-

estradiol is highly active in generating estrogen responses.
However, when bound to the ER, the complex lacks affinity for
chromatin, and therefore, appears to exert an extrachromatinic
effect (Muldoon, l980b).

In the classical sense, this is also

"atypical" behavior of steroid hormones.

.Thus, the compounds

described here are other examples which appear to constitute
an

exception

to

the

generalization

correlating

estrogen

binding activity with estrogenic activity.
In

recent

years,

membrane effects

mounting

evidence

of steroid hormones.

has

demonstrated

These effects

are

relatively rapid and, thus may preclude a classical genomic
mechanism.

Although

some

effects have

been

reported

for

estradiol ·and testosterone, the best documented studies, to
date, involve progesterone and its metabolites.

As mentioned

in the Introduction, studies have. suggested that progesterone
binds specifically and with high affinity to membrane sites in
nerve tissue, stimulating the hypothalamic release of luteinizing hormone releasing hormone (LHRH)
1990).

(Ke and Ramirez, 1987,

Sperm membranes may also bind progesterone or 17a-

hydroxy progesterone which causes a rapid influx of calcium
ions into the sperm, setting off the acrosome reaction (Thomas
and Meize1, 1989; Blackmore et al., 1990).
channels by steroid hormones,

Activation of ion-

may or may not be receptor-

mediated, and is presently an active area of investigation.
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Steroids have been shown to directly interact with neurotransmitter receptors.
(Ja, 5a-THP},

For example, 3a-hydroxy-5a-pregnan-20-one

a progesterone metabolite,

interacts with the

GABAA receptor complex to induce anesthesia
Wiebe,

(Kavaliers and

1987), to release luteinizing hormone

pituitary

in

vivo

prolactin

release

(Brann
from

(Vincens et al., 1989).

et

al.,

pituitary

1990a)
cell

(LH)

and

from the

to

cultures

inhibit
in

vitro

The inhibition of uterine contractil-

ity by progestins may be mediated by the progesterone receptor
or

by

the

GABAA

receptor

progesterone metabolite,

system.

3 a, 5a-THP

and

another

3~-hydroxy-5~-pregnan-20-one

inhibit

uterine contraction via the GABAA receptor complex, whereas
5~-pregnane-3,

progesterone

and

progesterone

receptor

to

2 0-dione

produce

the

interact with
inhibitory

(Majewska et al., 1989; Putnam et al., 1991}.

the

effect

These findings

strongly suggest that within one tissue, multiple mechanisms
may exist for the manifestation of the biological response to
steroid.

It is not known whether

11~-acetoxy

estradiol could

exert its action through similar mechanisms.
There
structure

are
may

also
play

studies
a

more

which

indicate

significant

role

that
in

ligand

hormonal

activity than simply occupying and activating the receptor.
Modeling studies have shown that steroid hormones, including
estradiol, exhibit stereochemical complementarity with nucleic
acids.
a

Specifically, the steroids are capable of inserting in

"lock and key"

unwound DNA..

fashion between base pairs in partially

Interestingly, the degree of fit of a steroid

98

hormone correlates with the degree of biological activity
(Hendry, 1988).

Therefore, stereocomplementarity may be used

for predicting the relative activities of potential agonists.
Stereochemical complementarity to the DNA structure was used
to predict the biological activity of

11~-acetoxy

estradiol,

11~-hydroxy

estradiol and 11a-hydroxy estradiol

al., 1985).

To fulfill the criteria for structural complemen-

tarity,

1)

the hormone was required to:

(Uberoi et

be accommodated

completely between base pairs in partially unwound doublestranded DNA; and 2)

form stereospecific linkages. between

each of the steroidal functional groups and hydrogen bonding
positions in the .double helix.

To be considered an estrogen

agonist, the structure was required to fit into DNA between
the

same

base

pairs

and

form

linkages as the parent hormone,

the

same

hydrogen

17~-estradiol.

bonding

17~-Estradiol

fit precisely between base pairs in the sequence 5 1 -dTdG-3
5'-dCdA-3'
and

formed

1 :

(thymine(T); guanine(G); cytosine(C); adenine(A))
two

complementary hydrogen

bonds

to

phosphate

oxygens on adjacent strands of double-stranded DNA.

11~

Acetoxy estradiol fulfilled the two criteria for stereocomplementarity to DNA since it fit better between the same base
pairs compared to 17 ~-estradiol.
same two hydrogen bonds as
and

17~-hydroxyls

DNA.

17~-estradiol

which included the 3-

to phosphate oxygens on adjacent strands of

In addition, a third hydrogen bond was formed between

the carbonyl of the
since

This compound formed the

11~-acetoxy

11~-acetoxy

group and the -NH- of adenine.

estradiol formed one additional hydrogen
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bond and had the ability to fill more of the space between
17~-estradiol,

base pairs, as compared to

it was predicted
17~-estradiol.

that this compound should be more active than

This prediction was consistent with the finding that it is
biologically

more

potent

11~-hydroxy

candidate,

17~-estradiol.

than

The

next

estradiol fit best between the same

sequence of base pairs and formed the same two hydrogen bonds
as

17~-estradiol;

however,

the

11~-hydroxyl

group failed to

form a hydrogen bond with the double helix.
predicted

that

estrogenic

11~-hydroxy

activity

as

estradiol

compared

to

Thus,

would

it was

possess

17~-estradiol.

weak
This

prediction was consistent with the finding that this molecule
has less than 1% of the biological activity of

17~-estradiol.

Of the compounds examined, 11a-hydroxy estradiol exhibited the
poorest fit into DNA.

This steroid failed.to fulfill both of

the operational criteria since the 11a-hydroxyl group was not.
completely accommodated by the helix and would not form a
hydrogen bond linkage.

The relative lack of fit of lla-

hydroxy estradiol led to the prediction that it would be an
inactive· estrogen.

This

finding was consistent with the

virtual lack of estrogenic activity measured for the compound.
A close correlation was confirmed between estrogenic
activity and relative fit into DNA for
11~-hydroxy

poor

11~-acetoxy

estradiol and 11a-hydroxy estradiol.

correlation

existed

when

comparing

the

estradiol,
However, a

ER

receptor

binding activity and stereochemical complementarity to DNA.
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Based on the binding data presented in this section of
the dissertation, it may be inferred that estrogen action is
not exclusively manifested by estrogen receptor binding.

Our

investigation lends support to the theory that there may be
alternative mechanisms for the actions of steroid hormones.

ROLE

OF

SYNTHESIS AND PROCESSING DURING ESTRADIOL RECEPTOR

TURNOVER
INTRODUCTION

It appears that functional steroid receptors are important features in the manifestation of cellular responses to
hormones.

The available concentration of receptor correlates

well with the extent of tissue responsiveness.

This relation-

ship signifies the importance of understanding the mechanisms
which control

receptors

in order to

mechanisms of steroid hormone action.
subject to hormonal control.

fully

appreciate the

Steroid receptors are

For example, estradiol increases

the synthesis of it's own receptor (Sarff and Gorski, 1971)
and the progesterone receptor
Walters and Clark, 1978).

(PR)

(Milgrom et al.,

1973;

Alternatively, progesterone acts in

an inhibitory fashion by decreasing occupied nuclear estrogen
receptor

(ER)

content

Okulicz,

1985,

1988;

1990a) .

(Okulicz

et al.,

Smanik et al.,

1981;

1989;

Leavitt

and

Fuentes et al.,

The exact mechanisms involved in these processes are

not yet fully understood.

Thus, a detailed description of

receptor regulation at the mRNA level, would provide further
insight into the control of steroid action.

The dynamics

involved in estrogen receptor turnover (synthesis, degradation
and recycling) as influenced under different hormonal environments, are examined in this final phase of the thesis.
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REVIEW OF RELEVANT LITERATURE
In an effort to explain the importance and the underlying
premises of the present studies, a brief overview of the work
which has laid the foundation for ER dynamics is warranted.
Since the concept of intracellular steroid receptor localization has undergone modifications recently (reviewed in Section
2),

it is necessary to reiterate that cytosolic receptors

refer to those which are loosely bound to nuclear components
in the intact cell .which are therefore, easily extracted from
the

nuclear

fraction

following

experimental

manipulation.

Similarly, nuclear receptors refer to those forms which are
firmly-bound

to

nuclear

acceptor

sites,

and

thus

resist

solubilization (King and Greene, 1984; Welshans et al., 1984).
Estrogen Regulation of Estrogen Receptor Dynamics
A.

Receptor Redistribution

The subcellular redistribution of ER following a single,
bolus

injection of estradiol

to

immature

(non-cycling)

or

castrate (estrogen-deprived) female rats has been demonstrated
through the use of receptor binding studies (Sarff and Gorski,
1971; Mester and Balieu, 1975; Cidlowski and Muldoon,
Katzenellenbogen, 1980) .

1978;

Within the first hour after injec-

tion, estradiol causes a rapid depletion in cytosolic receptor
binding which is accompanied by a rise in nuclear ER binding.
However, this redistribution is not a stoichiometric phenomenon

(Ekka

et

al.,

1986)

because

the

increase

in

nuclear

receptor binding does not account fully for the loss observed
in cytosolic ER binding. · Thus, total ER content is decreased.
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Between 3 to 5 hours post-injection, nuclear ER levels fall
dramatically to near baseline levels, while cytosolic levels
remain low. Actually, the increase in cytosol ER levels lags
behind nuclear ER diminution resulting in a net loss of total
ER binding.

The decrease in nuclear binding which is not

accompanied by an increase in cytosolic ER content is referred
to

as

"receptor processing";

cytosolic

receptor

content

begins to rise gradually'· reaching control levels (replenishment) 11 to 16 hours

post~injection.

These levels continue to

increase and "overshoot" baseline levels by 50% at approximately 24 hours.

Of considerable interest is the approximate

6 hour delay period observed for total ER replenishment which
then

increases in a pattern very similar to cytosolic ER

binding.

The

fall

in receptor levels observed

following

estradiol administration is consistent with the idea that
estradiol functions in a protective mode to limit ER concentrations in an effort to control tissue sensitivity.

Similar-

ly, replenishment of functional ER is required for maintaining
tissue responsiveness to subsequent estrogen administration.
There are clearly three levels of control here which require
examination:
ity,

2)

1)

the initial loss of total ER binding activ-

the delay

in receptor replenishment

and

3)

the

replenishment phase.
B.

Receptor Processing

Processing represents the disappearance of functional ER
after
1978b;

exposure to

estradiol

Nawata et al.,

1981).

(Horwitz

and McQuire,

1978a,

This event may reflect an
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increase in degradation of the receptor protein by specific
proteases (Horwitz and McQuire, 1980; Kassis and Gorski, 1983)
or simply an inactivation of the ER to a form which can no
longer bind ligand (Auricchio et al., 198la, 198lb, 1982).
Apparently,

processing may effect those receptors already

utilized by steroid hormones,

as well as those forms not

previously activated by ligand binding (Baudendistel et al.,
1978) .
Following an alteration in transcriptional events which
serves to initiate the biological response to estrogen in
target tissues, the precise destiny of the estrogen receptor
molecule

remains

obscure.

Two

distinct

pathways

envisaged following dissociation from ligand:
inactivation and degradation ("processing")
with

subsequent

Gorski,

1983) .

reutilization

can

be

irreversible

or inactivation

("recycling")

(Kassis

and

The parameters which govern the extent to

which a cell utilizes one or both of these processes has been
under intense scrutiny. The receptor concentration within a
given cell is the net result of a delicate balance between
synthesis of "new" receptor and degradation or recycling of
"used"

receptor proteins.

Fluctuations at each of these

levels may occur and are influenced by many factors including
cell

cycle

status,

level

of

cellular differentiation and

hormonal environment (Raspe, 1970; Balieu, 1975).
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c.

Receptor Replenishment:

Synthesis vs. Recycling

The receptor replenishment event appears to consist of
new receptor synthesis and recycling (regeneration of previously inactivated receptor).

A substantial portion of the

replenishment phase is dependent on both protein and RNA
synthesis (Jensen et al., 1969).
ment

are

sensitive

to

Early stages of replenish-

cycloheximide,

a

protein

synthesis

inhibitor, while later stages are not dependent on continued
protein

synthesis

Muldoon, 1978) .

(Sarff

and

Gorski,

1971;

Cidlowski

and

If administered 2 hours prior to estradiol

injection, cycloheximide prevented ER recovery. However, no
effect was observed if the drug was given 6 hours following
estradiol treatment. One interpretation was that the synthesis
of a specific protein was a critical and initial step in the
reappearance of functional ER.
D,

Studies employing Actinomycin

a DNA intercalating agent which inhibits transcript·ion,

demonstrated

that

ER

replenishment

was

blocked

when

the

inhibitor was administered 1 hour prior to estradiol injection
(Cidlowski,

1975).

Therefore, this indicated that new RNA

synthesis for the ER is necessary under normal conditions for
receptor replenishment.

However, caution must be taken when

interpreting these results in light of the findings that both
of these drugs may exert toxic effects (Cidlowski and Muldoon,
1976; Kassis and Gorski, 1981).

In addition, cycloheximide

·blocks the production of enzymes involved in ER degradation,
thus leading to an overestimation of total receptor content.
Furthermore, the control of ER synthesis by estradiol may be

106

at

intermediary steps not blocked by either one of these

agents.
Evidence

indicating a

role for recycling in receptor

replenishment was afforded by the use of short-acting estrogen
compounds such as 16cx-estradiol (estra-l, 3, 5 ( 10) -triene-3, 16cxdiol), which dissociates rapidly from the ER and exhibits a
short nuclear retention time (Kassis and Gorski, 1981).

The

biological potency of this hormone is directly proportional to
the period of time it is retained in the nucleus.
elicits

early

estrogenic

responses

specific protein synthesis)
synthesis)

(Clark et al. ,

retention

and

but not long-term effects

(DNA

1977) .

(water

Thus, it

The replenishment of ER

following a single injection of 16cx-estradiol is very rapid
and complete by 4 hours.
tive to

cycloheximide

This process was virtually insensiindicating that the

recovery

of ER

binding levels to those of controls was due only to recycling.
It is of interest that potent compounds with highER affinity,
such

as

17#-estradiol

and

diethylstilbestrol

(DES),

are

retained by the nucleus for a relatively long period of time,
delay the rate of receptor replenishment and invoke short-term
as well as long-term estrogenic responses.

It was suggested

that both ER synthesis and recycling occurs in those target
tissues which divide and proliferate in response to steroid
hormone; whereas those that do not divide,

rely totally on

recycling of ER for replenishment (Hsueh et al., 1975; Marr et
al., 1980).
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The above studies examined ER dynamics at the level of
receptor binding following a bolus injection of estradiol.
Therefore, it was of interest in our laboratory to study the
changes in ER mRNA levels to see if these parallelled the
reported changes in ER binding levels during the depletion;
replenishment phases.

As a first step approach, we measured

steady state levels of ER mRNA at various time points following estradiol administration.

Our first goal was to investi-

gate, at the mRNA level, the nature of the initial loss of ER
binding content within 1 hour after estradiol administration.
The question was raised as to whether this event is marked by
an increase in receptor processing or by a decrease in "new"
ER synthesis.

The delay in receptor replenishment became the

second focus of our studies.

Measurement of ER mRNA levels 6

hours post-injection enabled us to speculate about the status
of ER synthesis during the lag period observed in binding
studies.

Finally, hormonal control during the replenishment

phase was examined at 12 and 18 hours after injection of
estradiol.
Progesterone Modulation of Estrogen Receptor Dynamics
The control mechanisms which regulate the preovulatory
surge of gonadotropins from the anterior pituitary employ the
integrative actions of estrogen and progesterone.

Estradiol

is recognized as the primary trigger for the gonadotropin
surge prior to ovulation (Everett, 1948; Ferin et al., 1969;
Labhsetwar, 1970; Mahesh and Muldoon, 1987).

Administration

of estradiol antagonists or antibodies to estradiol abolish
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the preovulatory surge of gonadotropins (Ferrin et al., 1969;
Shirley

et

al.,

ovariectomy
estradiol,

1968;

removes

Labhsetwar,

the

principal

1970).

In

source

of

addition,
endogenous

and thus prevents the gonadotropin surge.

estradiol

If

is administered to the ovariectomized animal,

a

partial surge is restored (Brom and Schwartz, 1968; Goldman et
al., 1971; Mann and Barraclough, 1973; Kalra and Kalra, 1974;
McPherson et al., 1974; Gilles and Karavolar, 1981; Mahesh,
1985).
performs

Considerable evidence
a

modulatory

role

on

indicates that progesterone
gonadotropin

secretion

regulating the magnitude and the duration of the surge.

by
The

facilitory effect of progesterone is dependent upon estrogen
priming (McCann, 1962; Nallar et al., 1966).

Studies utiliz-

ing the ovariectomized rat model have demonstrated that in the
absence of estrogen priming, progesterone is unable to alter
gonadotropin secretion.

Tissue responsiveness to progesterone

depends upon an estrogenic background for the induction of
progesterone

receptors

(Kato,

1975;

Kato

et

al.,

1988).

studies by Everett (1948) suggested that the stimulatory or
inhibitory effect of progesterone on the gonadotropin surge is
related

to

the

time

of

progesterone

administration.

A

stimulatory effect of progesterone on gonadotropin secretion
was observed if given within a few hours of the preovulatory
surge in the cycling rat or the estrogen-induced LH surge in
ovariectomized rats.

However, progesterone administration at

earlier time periods in either model was inhibitory to the
surge (Everett, 1948; Mahesh, 1985; Brann and Mahesh, 1991).

109

Mahesh and Muldoon

(1987) proposed the hypothesis that the

stimulatory or inhibitory effect of progesterone is dictated
by the adequacy of estrogen priming.
validated by Brann et al. (1991).

This issue was later

Progesterone administration

16 hours following estrogen exposure suppressed gonadotropin
release.

However,

secretion

when

progesterone

administered

40

stimulated
hours

after

gonadotropin
exposure

to

estradiol.
Progesterone has been shown to decrease occupied nuclear
ER

in

the

anterior

pituitary

of

the

ovariectomized

rat

(Calderon et al., 1987; Smanik et al., 1989; Fuentes et al.,
1990a):

However, several investigators have not observed a

similar progesterone effect on pituitary nuclear ER (Pavlik
and Coulson, 1976; Marrone and Feder, 1977; Attardi, 1981).
The discrepancies may be explained by differences in experimental conditions such as,

the level of estrogen dosage or

priming, the dosage and timing of progesterone and the nature
of the animal model.

Furthermore,

it is of considerable

interest that the effect of progesterone occurs only during
the

time when

maximal,

i.e.,

nuclear progesterone
1-2

hours

(Calderon

receptor occupancy
et

al.,

1987).

is
The

decrease in nuclear occupied ER by progesterone has also been
demonstrated in the uterus (Fuentes, 1990).

This could be an

important point of control for progesterone since occupied
nuclear

ER

regulate

specific

transcriptional

processes

essential for generation of the estrogenic response.

It has

been suggested that progesterone may induce the synthesis of
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an "estrogen receptor regulatory factor" which then causes a
fall in occupied nuclear receptor (Evans and Leavitt, 1980;
Okulicz et al., 1981a, 1981b}.
may

induce a

Alternatively, progesterone

dephosphorylation-inactivation of nuclear ER

(Leavitt et al., 1983).
Hsueh 1 s group ( 197 5) observed that progesterone treatment
of estrogen primed rats led to a decrease in ER replenishment·
in the uterus 24 hours post-injection.

Consequently, there

was a decrease in uterine responsiveness.

In later studies by

the same group and then confirmed by others, progesterone did
allow early ER replenishment,

but prevented the overshoot

observed in ER binding activity (Hseuh et al., 1976; Bhakoo
and Katzenellenbogen, 1977; Katzenellenbogen et al.,

1979).

This

occur,

suggested

to

them

that,

while

recycling may

progesterone inhibits "new" ER synthesis.
The decrease in functional ER by progesterone, particularly the occupied nuclear ER form, appears to be biologically
significant as

reflected by . the

loss

of estrogen action.

Progesterone administration to ovariectomized, estrogen-primed
rats

inhibited

the

estrogen-induced

progesterone

receptor

induction (Calderon et al., 1987}, as well as the estrogeninduced release of prolactin (Brann et al., 1988}.

Further-

more, the administration of progesterone appeared to counteract

the

suppressive

effect

of

estrogens

on

gonadotropin

secretion (Brann et al., 1991}.
Based
question

on

was

the
raised

binding
as

to

studies
whether

described

above,

progesterone

the

causes

a
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decrease

in

nuclear

occupied

ER

by

increasing

processing or by inhibiting new ER synthesis.

receptor

Our laboratory

examined the effect of progesterone on ER dynamics in uterine
and anterior pituitary tissues.

Specifically, we examined the

effect of progesterone on the levels of ER mRNA.
tions for these studies are as follows:
synthesis may be

1)

Two assump-

a decrease in ER

inferred if the fluctuations

in ER mRNA

levels are similar to those observed for ER binding content
and 2)

an increase in ER processing may be suggested if the

decrease in nuclear ER binding activity is not parallelled by
a decrease in ER mRNA levels.

First, we wanted to measure the

effect of progesterone, in the absence of estrogen-priming.
Next, the modulation of ER mRNA content by progesterone in the
estrogen-primed rat model was determined.

These parameters

were examined at the 1, 6, 12. and 18 hour time points which
coincide with the ER depletion/ replenishment pattern observed
following estradiol administration.
Various doses of progesterone exert a multiphasic effect
on gonadotropin release.

In the immature ovariectomized rat

primed with low doses of estrogen, some do"ses ·of progesterone
were very effective in stimulating the gonadotropin surge,
while other doses caused a suppression or had no effect on
release (McPherson et al., 1974; McPherson and Mahesh, 1979).
Therefore, Fuentes et al. (1990a) examined whether the effects
of progesterone on pituitary and uterine occupied nuclear ER
were also dose-dependent.

In the pituitary,

multiphasic effect of progesterone on nuclear ER.

there was a
The lowest
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and highest doses were maximally effective at decreasing the
occupied

receptor,

smaller degree

while

of

the

intermediate dose

inhibition.

In contrast,

exerted a

progesterone

caused a ·dose-dependent decrease in the nuclear occupied ER
form

in uterine

tissue

from

the

same

animal

model.

In

addition, a strong correlation was found between the doses of
progesterone that inhibited pituitary nuclear ER accumulation
(Fuentes et al., 1990a) and the doses of progesterone which
inhibited the estrogen-induced prolactin release

(Brann et

al., l990b).
The final study of this dissertation investigated the
divergence of tissue responsiveness to progesterone at the ER
mRNA level.

It was of interest to examine whether progester-

one would cause similar dose-response effects on ER mRNA as
that demonstrated on occupied nuclear ER in the uterine and
anterior pituitary tissues.
All

studies

presented

in

this

final

chapter

of

the

dissertation were designed to advance our understanding of the
phases of ER dynamics observed in the 2 week ovariectomized,
adult

rat.

This

well-established

female

rat

model

was

employed for the effectual examination of ER mRNA levels in
the uterus and the anterior pituitary.
between

alterations

observed

documented for binding studies.

in

mRNA

We drew correlations
content

with

those

MATERIALS AND METHODS

The Materials and Methods employed for study in this
section of the dissertation are similar to those

already

described in the first part of this dissertation, with four
exceptions:
1)

Animals were utilized as experimental models.

2)

The hormones used were

estradiol-17~

and progester-

one.
3)

The eDNA probes used were the rat ER and

~-actin

cDNAs.
4)

In addition to Northern Hybridization, Slot Hybridization was used for the quantitation of ER mRNA.

In vivo Experiments
A.

Animals

Mature, virus-free,

female Holtzman rats

were obtained at 63 days of age.

(Madison, WI)

They were maintained in an

air-conditioned, light-controlled room with a 14h light: 10h
dark cycle (lights on 0500h; off 1900h EST)
water and rat chow (Wayne) ad libitum.

and were given

Bilateral ovariectomy

was carried out under light ether anesthesia at 65 days of age
and all animals were sacrificed 14 days later at 79 days of
age.
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B.

Hormones
Estradiol-17~

was obtained from Sigma Chemical, Company

(St. Louis, MO) and progesterone from Steraloids, Incorporated
(Wilton, NH).

c.

eDNA Probes
pSV2ER,

the plasmid harboring the 2.1 kb rat ER eDNA

probe was generously provided by M. Sakai, The University of
Tokyo, Tokyo, Japan (Koike, et al., 1987).

The restriction

enzyme, Eco RI releases the insert from the 4.293 kb vector.
The

~-actin

(Ordahl et al., 1980) probe was used for normal-

ization of the data as described in the Materials and Methods
in the first section.
RNA from the T47D cell line (Freake et al.,

1981) was

employed as a positive control marker for ER mRNA.

This line

was obtained
breast.

from a

patient with ductal carcinoma of the

The culture medium for the T47D cells consisted of

RPM! 1640 medium supplemented with 100 unitsjml penicillin, 5
J.Lg/ml streptomycin,
serum (Gibco).

2

mM

L-glutamine and 10% fetal bovine

Cells were propagated as monolayer cultures on

plastic in T-75 tissue culture flasks and were split every
five to seven days with the use of 0.25% trypsin.
Cells were incubated in humidified 5% C0 2 :95% air at 37
degrees Celsius.

RNA extraction was performed as described in

the first part of this dissertation.
HBlOl (Escherichia Coli) competent cells were transformed
with pSV2ER following standard procedures
1970).

(Mandel and Higa,

The pSV2ER plasmid confers ampicillin resistance;
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therefore,

any

colonies

contained this plasmid.

appearing

on

ampicillin

plates

one of these colonies was utilized to

amplify plasmid concentration which was performed according to
standard protocol (Maniatis et al., 1989).
the

plasmid

was

confirmed

by

digestion

The identity of
with

the

ECO

RI

restriction enzyme.
D.

Administration of an Estradiol Bolus to ovariectomized

Rats

This model was used to determine the effect of a single,
bolus

injection

of

estradiol

on

ER

mRNA

levels.

Three

different doses of estradiol were employed for this study: 1,
5,

and

10

J.tgjrat.

Mature

female

rats

were

bilaterally

ovariectomized at 65 days of age, and at 79 days of age, they
were injected intraperitoneally (ip) with either 1 j.tg, 5 J.tg or
10 J.tg of estradiol in 0.3 ml 20% ethanol/ SO% saline.

The

rats were decapitated 1h later and t·he uterine and anterior
pituitary tissues were removed,

homogenized in RNAzol™ and

chilled in ice for subsequent RNA isolation.
E.

Estrogen-Primed Estrogen and Progesterone Model

1)

This model contains four separate treatment groups

with 11 rats per group.

All rats were bilaterally ovariecto-

mized at 65 days of age (Day 0) .

vie~

of the

diagra~

at the

For a simplified

following methods, readers are referred to the
end of this Materials and Methods segment.
(a)

The first group served as the vehicle control.

received an ip injection of estradiol vehicle

Rats

( 0. 3 ml,

2 O%

ethanol/SO% saline) daily for 3 days beginning on Day 11.

on
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Day 14, they were injected with the vehicle used for progesterone (0.5 ml 50% ethanol/50% saline), followed lh later by
a

final

injection

of estradiol vehicle.

Rats were

then

sacrificed 1, 6, 12 or 18h later.
(b)

The se·cond group enabled us to examine the effect of

estradiol upon ER mRNA levels at various times:

1, 6, 12 and

18h following the final injection of estradiol.

Beginning on

the eleventh day following castration, each rat received an
injection of 2

~g

estradiol daily for 3 days.

On Day 14, they

were injected with the vehicle used for progesterone.

One

hour later, animals received a final injection of estradiol,
2

~g/

rat and were sacrificed 1, 6, 12 or 18h later.
(c)

The third group was used to determine the effect of

progesterone, in the absence of estrogen-priming., on ER mRNA
levels at the 1, 6·, 12 and l8h time points.

Rats received an

ip injection of estradiol vehicle daily for 3 days beginning
on Day 11.

On Day 14, they were given an ip injection of 0.8

mgjkg body weight progesterone,

followed lh later by a final

injection of estradiol vehicle.

Rats were then sacrificed 1,

6, 12 or 18h later.
(d)

Utilization of the final group was to examine the

effect of progesterone, in the presence of estrogen priming,
upon ER rnRNA levels 1,
injection

of

estradiol.

following

castration,

6,

12 and 18h following the final
Beginning

on

the

each rat received a

injection ip, daily for 3 days.

2

eleventh
~g

day

estradiol

On Day 14, they were given an

ip injection of 0.8 mgjkg body weight progesterone followed lh
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later by a final injection of estradiol

(2

~gjrat)

ip, and

were sacrificed l, 6, 12 or l8h later.
Following sacrifice, the anterior pituitary and uterine
tissues were extracted, homogenized in RNAzol and chilled in
ice for subsequent RNA extraction.
2)

To examine the effect of different doses of

progesterone on ER mRNA steady-state levels lh after the last
estradiol injection, the model described above in group l(d)
was

employed.

On Day 14,

following

3 days

of estrogen-

priming, rats were injected ip with either vehicle, o.a, 2.0
or 4.0 mgjkg body weight of progesterone.
they received estradiol,
later.

2

~g/

one hour later,

rat ip and sacrificed l

h

Uterine and anterior pituitary tissues were removed,

homogenized in RNAzol and chilled in ice for subsequent RNA
isolation.
F.

Slot Blotting

Following RNA isolation, 20

~g

of each RNA sample was

denatured by glyoxalation (50% DMSO, l M deionized glyoxal,
12.5

mM

sodium phosphate, pH 6.5) at 50 degrees Celsius for 15

minutes and then chilled on ice before loading into the slot
blot apparatus.
The slot blot apparatus is a filtration manifold which
consists of a Lucite block containing a number of slots into
which the samples are applied.
suction

platform

containing

a

The manifold fits onto a
piece

of

Gene

Screen· Plus

Transfer Nylon Membrane (pre-soaked in DEP water) onto which
the RNA samples are deposited (Brown et al., 1983; Chapman et
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al., 1983).

The sample solutions are allowed to remain on the

membrane without
suction

is

seconds.

suction

applied

to

for

the

30

minutes.

manifold

for

Then

a

slight

approximately

30

The membrane is then removed from the apparatus and

glyoxalation is reversed by soaking the nylon in 50 mM sodium
hydroxide for 15 seconds, followed by a 30 second neutralization period in 1X SSC, 0.02 M Tris-HCL, pH 7.5 (Gene Screen
Plus protocol) .

The membrane is then air-dried overnight at

room temperature, sealed in a plastic bag and stored at -20
degrees Celsius

for later hybridization to eDNA probes as

described in the Materials and Methods in the first section of
this dissertation.
G.

statistics

The results are expressed as the mean ± the standard
deviation.

The differences between the means were analyzed by

one-way analysis of variance (ANOVA) and significant differences

at the p<O. 01 and p<O. 05

levels were determined by

fisher's protected least significant differences (PLSD).
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RESULTS
I.

Establishment of Technique and Model

A.

Establishment of Northern Blotting Technique

To study the effects of estradiol and progesterone upon
estrogen receptor (ER) mRNA levels, it was first necessary to
determine a method for blotting RNA that would allow accurate
quantification of ER message levels.

Northern blotting had

previously been performed by our laboratory, and this method
allowed us to confirm the proper size of the band representing
ER mRNA.

Upon hybridization of a
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P-labeled rat ER eDNA probe

to Northern blots of total RNA, the expected 6.2 kb ER mRNA
species was identified.

In addition, a second band of 3.8 kb

and a third band of 1.1 kb were found.

The levels of mRNA

within these latter two bands appeared not to fluctuate in
response to hormone treatment.

Therefore, we assumed that the

levels remained constant from one experiment to another.

We

then experimented with slot blotting which is another wellestablished method for blotting RNA to the nylon membrane.

In

a number of preliminary studies, the relative values obtained
by capillary transfer and slot blotting were found to be
similar.

In

addition,

the

slot blotting method

convenient with regard to time and simplicity.

is very

Therefore,

this method was chosen for blotting RNA for eDNA hybridization.
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B.

Effects of Estradiol and Progesterone on B-act in mRNA

Levels

Nylon membranes were hybridized to a

~-actin

probe to

correct for variability in the amount of RNA applied to each
lane, as well as variations in the amount of RNA transferred
to the nylon membrane.

For each sample, the density of the

estrogen receptor (ER) mRNA bands was divided by the density
of the
sion

~-actin

of the

mRNA bands (Howard et al., 1990).

~-actin

housekeeping gene

is

The expres-

expected to

constant in our system; therefore, the amount of

~-actin

be
in

each lane would be proportional to the total amount of_RNA
present (Quitschke et al., 1989).

We directly measured the

effects of est.radiol and progesterone on
in our system.

~-actin

mRNA levels

The results are shown in Figure 23.

represents the ER mRNA:

~-actin

mRNA ratio in the absence of

hormone, then none of the hormone treatment regimens:
and E2+P4, significantly affected
uterus (Figure 23, panel A)

If 1.0

~-actin

E2, P4

mRNA content in the

or anterior pituitary following

hormone treatment (Figure 23, panel B).
c.

Effect

of

Estradiol Vehicle

on

uterine

and

Anterior

Pituitary ER mRNA Levels

The vehicle used to inject estradiol consisted of 80%
saline

and

20%

ethanol

(in

0.3

ml).

Therefore,

it

was

necessary to examine whether these components could alter ER
mRNA levels.

In addition, the model chosen for the majority

of these studies required estrogen priming which consisted of
3 daily injections.

Thus, it was also important to determine

Figure 23.

Effects of estradiol and. progesterone on {3actin mRNA levels.

{3-actin mRNA levels were

averaged within each treatment group: E2, P4
and E2+P4 from all experiments described in
this section.

Each value was then divided by

the average of {3-actin mRNA levels obtained
from groups treated with VEHICLE.

Panel A

represents the uterus and panel B, the anterior pituitary.
differences.

The results show no significant
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whether the stress of injections andjor animal handling had
any effects on ER mRNA levels.

Following ovariectomy (day o) ,

the first group of animals was left untreated until the time
of sacrifice (day 14).

on days 11-14, the second group was

administered one injection of saline per day, while a third
group received an injection of 80% saline/ 20% ethanol each
day.

All animals were sacrificed on day 14, at 2h after the

last injections.

The results for uterine ER mRNA levels are

shown in Figure 24 and anterlor pituitary levels in Figure 25.
In the uterus

(Figure

24),

there was

no

significant

change in ER mRNA levels a'mong the three groups examined.

As

shown in Figure 25, injections of either saline or 80% saline;
20% ethanol resulted in a significant decrease in pituitary ER
mRNA levels.

It appeared that the effects of injection andjor

handling may
levels.

have

stressed

the

animals

to

alter ER mRNA

However, ·the presence of 20% ethanol in the vehicle

did not appear to alter ER mRNA levels because they were
comparable to those receiving saline alone.
II.
A.

Regulation of ER mRNA steady State Levels by Estradiol
Acute Effects of various. Doses of Estradiol in the Uterus
Cidlowski and Muldoon (1974) demonstrated a depletion in

cytosol

ER binding activity

ovariectomized

rats

lh

in uterine tissue

following

different doses of estradiol.

the

from adult

administration

of

~g

~g

Injection of 1

and 5

estradiol decreased uterine ER binding by approximately 90%,
and an estradiol dose of 10
uterus to very low levels.

~g·

reduced binding activity in the

As mentioned in the Introduction,

Figure 24.

Effect of vehicle injection

(0.3 ml, 80% sa-

line/20% ethanol) on uterine estrogen receptor
(ER) mRNA levels.

Mature rats were ovariecto-

mized at 65 days of age (day 0).

one group of

animals received no treatment following castration until sacrifice on day 14.
on day 11,

Beginning

the other two groups of animals

received· an injection of _either saline

(0.3

ml) or 80% saline/20% ethanol (0.3 ml), daily
for 3 days.

On day 14, they received a final

injection of either saline or 80% saline/20%
ethanol and all groups of animals were sacrificed 2h later by decapitation.
group were removed,

six uteri per

total RNA was extracted

and ER mRNA was quantified by-Northern blot
analysis.

Results were obtained as arbitrary

units of densitometric analysis of blots.and
were expressed as the mean ± S.D. (n=4) of the
percentages of

fi~actin

actin mRNA x 100).

mRNA levels (ER mRNA/fi-
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Figure 25.

Effect of vehicle injection (0.3 ml, 80% saline/20%

ethanol),

on

estrogen receptor (ER)

anterior

pituitary

mRNA levels.

Mature

rats were ovariectomized at 65 days of age
(day 0).

One group of animals received no

treatment following castration until sacrifice
on day 14.

Beginning on day 11, the other two

groups of animals received an injection of
either
ethanol

saline

(0.3

ml)

or

80%

saline/20%

(0.3 ml), daily for 3 days.

On day

14, they received a final injection of either
saline

or

80%

saline/20%

ethanol

and

all

groups of animals were sacrificed 2h later by
decapitation.

Eleven anterior pituitaries per

group were removed,

total RNA was extracted

and ER mRNA was quantified by Northern blot
analysis.

Results were obtained as arbitrary

units of densitometric analysis of blots and
were expressed as the mean ± S.D. (n=4) of the
percentages of

~-actin

actin mRNA x 100).

mRNA levels (ER

mRNA/~

a: p<0.01 vs. UNTREATED.
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cytosolic ER binding levels fall within lh after estradiol
administration and nuclear binding content increases.

Since

this phenomenon is not stoichiometric, total receptor levels
also decrease (Ekka et al., 1986).

The purpose of the present

study was to examine changes in uterine ER mRNA levels 1h
after the administration of either 1 Mg,
estradiol.

5 Mg or 10 Mg of

Changes in ER mRNA levels may indicate whether the

rapid depletion observed in ER binding is due to a decrease in
new ER synthesis or an increase in receptor processing or
both.

As shown in Figure 26, 1h following injection, the 1 Mg

and 5 Mg doses of estradiol produced a small but significant
decrease in uterine ER mRNA levels, whereas 10 Mg of estradiol
caused a dramatic decrease in ER mRNA levels.

The 1 Mg and 5

Mg doses of estradiol reduced ER mRNA levels to 82% and 85% of
the control value, whereas the 10 Mg dose reduced it to 43% of
the control value.

B.

Effect of Estradiol

on Uterine ER mRNA 1h Following

Estradiol Administration
In order to study the progesterone modulation of estrogen
receptor dynamics,

presented later in this section,

it was

necessary to ensure that an adequate number of progesterone
receptors

(PR) were present in estrogen-responsive tissues.

This was accomplished by priming the ovariectomized rat with
daily injections of 2 Mg estradiol (Calderon et. al., 1987).
It was of interest to determine, in this new model, the
acute effect of the 2 Mg dose of estradiol upon ER mRNA levels
1h after hormone administration.

Beginning on day 11 follow-

Figure 26.

Effect of different doses of estradiol (E2) on
uterine estrogen receptor (ER) mRNA levels 1h
after E2

administration.

Mature rats were

ovariectomized at 65 days of age (day 0).

On

day 14, they were injected with either vehicle, 1 Mg E2, 5 Mg E2 or 10 Mg E2.

One hour

later, they were sacrificed by decapitation.
Six uteri per group were removed,

total RNA

was extracted and ER mRNA was quantified by
Northern blot analysis.

One experiment per-

formed under these conditions is presented.
Results were obtained as arbitrary units of
densitometric

analysis

of

blots

expressed as the mean ± S.D.

and

(n=4)

were

of the

percentages of fi-actin mRNA levels (ER mRNA/fiactin mRNA X 100).

a: p<0.01 vs. VEHICLE; b:

p<0.01 vs. 1 Mg E2; c: p<0.01 vs. 5 Mg E2.
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ing castration, rats received an injection of either vehicle
or estradiol (2

~gjrat)

once daily for 3 days.

On day 14, a

final injection of either.vehicle or estradiol was administered lh before sacrifice.

As shown in Figure 27, estradiol

causes a significant decrease in ER mRNA levels in two of the
four experiments (panels A and B) .

In view of the decrease in

ER mRNA levels observed at later points, it was concluded that
the decrease in ER mRNA starts around the lh
time point.

The average value of ER mRNA in the four experi-

ments was 59% of the control value.

c.

Effect of

Estradiol

on Uterine

ER mRNA

6h

Following

Estradiol Administration

The
estradiol

initial

depletion

administration is

in

ER

binding

content

after

followed by an approximate 6h

delay in receptor replenishment.

To determine whether this

lag period in binding activity correlated with changes in ER
mRNA levels, message levels were measured 6h after estradiol
administration.

The experimental design was essentially the

same as that shown in Figure 27, except that the animals were
sacrificed 6h following the last injection of estradiol.
all

three

experiments

performed,

there

was

a

clear

significant decrease in ER mRNA content (Figure 28).

The

In
and

Figure 27.

Effect of estradiol (E2)

on uterine estrogen

receptor (ER) mRNA.levels lh after E2 administration.

Mature rats were ovariectomized at

65 days of age (day 0)
11,

they

J.Lg/rat,

received

and beginning on day

ei thE!r vehicle

daily for 3 days..

or E2,

On day 14,

2

they

were injected with vehicle 1h prior to a final
injection of either vehicle or E2, 2 J,Lgjrat.
They were then sacrificed 1h later by decapitation.

six uteri per group were removed,

total RNA was extracted and ER mRNA was quantified by Northern blot analysis.

Four exper-

iments performed under these conditions are
presented (panels A-D).

Results were obtained

as arbitrary units of densitometric analysis
of blots and were expressed as the mean ± S.D.
(n=4)

of

the

percentages

of

levels (ER mRNA/P-actin x 100).
VEHICJ.,E

p-actin

mRNA

a: p<O.Ol vs.
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Figure 28.

Effect of estradiol

(E2)

on uterine estrogen

receptor (ER) mRNA levels 6h after E2 administration.

The model is as described in Figure

27; however,
final

sacrifice occurred 6h after the

injection of either vehicle or E2,

J.Lgjrat.

Three

experiments

performed

2

under

these conditions are presented (panels A-C).
a: p<O.Ol vs. VEHICLE.
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average decrease in ER mRNA in the three experiments was 38%
of the control.
D.

Effect of Estradiol on Uterine ER mRNA 12h Following

Estradiol Administration

ER
content

binding
begins

(replenishment)
Therefore,

studies
to

rise

ll-16h

have

demonstrated

gradually,
after

that

reaching

estradiol

receptor

basal

administration.

in this study, the influence of estradiol on ER

mRNA levels was measured 12h post-estradiol injection.
the

treatment regimen was

Figure 27,

levels

identical

tp

Again,

that described

in

except that rats were decapitated 12h after the

final estradiol injection.

Figure 29 demonstrates a recovery

of ER mRNA levels by 12h.

A slight but significant increase

over the control was observed in one experiment

(panel A);

whereas, the estradiol treated group in the other experiment
was significantly less than the vehicle treated group (panel
B) .

The average value of ER mRNA in the two experiments was

93% of the control.

As compared to the 6h time point, this

finding at 12h may indicate a recovery of ER mRNA levels.
E.

Effect of Estradiol on Uterine ER mRNA 18h Following

Estradiol Administration

Estradiol stimulates the synthesis of its own receptor,
as pointed out in the Introduction.

Active receptor synthesis

appears obvious at the 18h time point when ER binding content
begins to overshoot basal levels.

To evaluate this theory at

Figure 29.

Effect of estradiol

(E2)

on uterine estrogen

receptor (ER) mRNA levels 12h after E2 administration.
Figure

27;

The

model

however,

is

as

sacrifice

described
occurred

in
12h

after the final injection of either vehicle or
E2, 2

~gjrat.

Two experiments performed under

these conditions are presented (panels A-B).
a: p<O.Ol vs. VEHICLE.
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the mRNA level, the final injection of estradiol was administered 18h prior to RNA isolation in this experiment.

Although

the ER mRNA levels after estradiol treatment are slightly
lower than the control level (Figure 30), they are nevertheless

74%

of the control value which

is higher

than that·

observed at 6h.
F.

Acute Effect of Various Doses of Estradiol in the Anterior

Pituitary

The effect of an acute injection of estradiol on estrogen
receptor

binding

in

Cidlowski and Muldoon
(Figure 26).

the

pituitary

(1974)

was

also

examined

by

as described above in part A.

There was a more gradual depletion in ER binding

content in the pituitary as compared to·the. uterus.

The 1 Mg

dose of es.tradiol decreased ER binding levels by 30%, 5 J.Lg of
estradiol reduced binding content by 50%, and

th~

10 J.Lg dose

nearly abolished all of the receptor binding activity.
on

these

findings,

we

examined

whether

similar

Based
changes

occurred in pituitary mRNA levels lh ·following the administration of the three doses of estradiol (1 Mg, 5 J.Lg and 10 J.Lg).
The results shown in Figure 31 indicate that there is no
change in the level of ER mRNA lh after injection of 1 J.Lg
estradiol (88% of the control).

With the 5 J.Lg dosage, there

is a slight but significant increase in message levels (124%),
while 10 J.Lg of estradiol caused a decrease as compared to the
control level (69% of the control).

Thus, the data from the

pituitary appears to be different from the uterus which showed
a decrease in ER mRNA after estradiol administration. (Figure

Figure 30.

Effect of estradiol (E2) on uterine estrogen
receptor (ER) mRNA levels ish after E2 administration.
Figure

27;

The

model

however,

is

as

sacrifice

described
occurred

in
~Bh

after the final injection of either vehicle or
E2, 2

~gjrat.

One experiment performed under

these conditions is presented.
VEHICLE.
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p<O.O~

vs.
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Figure 31.

Effect of different doses of estradiol (E2) on
anterior pituitary estrogen receptor (ER) mRNA
levels 1h after E2

administration.

Mature

rats were ovariectomized at 65 days of age
(day 0).

On day 14, they were injected with
~g

either vehicle, 1

E2, 5

~g

E2 or 10

~g

E2.

one hour later, they were sacrificed by decapitation.

Eleven

group were removed,

anterior

pituitaries

per

total RNA . was extracted

and ER mRNA was quantified by Northern blot
analysis.

One

experiment

performed

these conditions is presented.

under

Results were

obtained as arbitrary units of densitometric
analysis of blots and were expressed as the
mean ±

s. D.

( n=4)

actin

mRNA

100).

a': p<0.05 vs. VEHICLE; b': p<0.05 vs.

1

~g

levels

of the percentages of {3(ER mRNA/{3-actin mRNA

E2; c: p<0.01 vs. 5

~g

E2.
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26).

It should also be emphasized that handling alone had

decreased pituitary ER rnRNA levels (Figure 25).
G.

Effect of Estradiol on Anterior Pituitary ER mRNA 1h

Following Estradiol Administration

As was previously addressed in the uterus, the purpose of
this study was to investigate if changes in pituitary mRNA
levels might be correlated with the early decrease in ER
binding

content

following

estradiol

administration.

The

general question was whether this loss in ER binding content
in the pituitary was

primarily due to

an

processing or to a decrease in ER synthesis.

increase

in ER

When injected lh

prior to sacrifice, estradiol had no effect on ER mRNA content
in all three experiments performed (Figure 32).

The pituitary

ER mRNA content of the estradiol treated group represented 90%
of the control value in the three experiments.
H.

Effect of Estradiol on Anterior Pituitary ER mRNA 6h

Following Estradiol Administration

To determine whether the delay in pituitary estrogen
receptor replenishment may be correlated with a decrease in ER
mRNA levels, ER message levels were measured at the 6h time
point and the results are shown in Figure 33.

Estradiol redu-

ced ER rnRNA content in the pituitary by approximately 47% as
compared to the control.

Figure 32.

Effect of estradiol (E2) on anterior pituitary
estrogen receptor (ER) mRNA levels 1h after E2
administration.

Mature rats were ovariecto-

mfzed at 65 days of age (day 0) and beginning
on day 11, they received either vehicle or E2,
2 ILgfrat, daily for 3 days.

· On day 14, they

were injected with vehicle lh prior to a final
injection of either vehicle or E2,

2 /Lgjrat.

They were then sacrificed lh later by decapitation.

Eleven anterior pituitaries per group

were removed, total RNA was extracted and ER
mRNA was quantified by Northern blot analysis.
Three experiments performed under these conditions

are presented

(panels A-C) .

Results

were obtained as arbitrary units of densitometric analysis of blots and were expressed as
the mean ± S.D. (n=4) of the percentages of
actin mRNA levels (ER mRNAjp-actin x 100).
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Figure 33.

Effect of estradiol (E2) on anterior pituitary
estrogen receptor (ER) mRNA levels 6h·after E2
administration. The model is as described in
Figure

32;

however,

sacrifice

occurred

6h

after the final injection of either vehicle or
E2, 2

~gjrat.

one experiment performed under

these conditions is presented.
VEHICLE.
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I.

Effect of Estradiol on Anterior Pituitary ER mRNA 12h

Following Estradiol Administration
The ER replenishment phenomenon demonstrated in receptor
binding studies was examined at the rnRNA level in the pituitary.

Results of this experiment are presented in Figure 3 4.

ER mRNA levels were significantly higher (149% of the control
value) than basal levels 12h following exposure to estradiol.
J.

Effect of Estradiol on Anterior Pituitary ER mRNA 1Bh

Following Estradiol Administration
The status of ER mRNA content in the pituitary at the lBh
time point was investigated and the results are presented in
Figure 35.

The ER mRNA levels were comparable (102%) to the

control value.
III.
A.

Modulation of Estrogen Receptor Dynamics by Progesterone
Requirement for Estrogen Priming in the Uterus
The ovariectomized rat must be estrogen-primed in order

to

observe

a

administration

decrease
of

in

occupied

progesterone

nuclear

(Fuentes

ER

et

after

al.,

the

1990a}.

Consequently, progesterone would not be expected to have an
effect on ER mRNA levels in the absence of estrogen priming-.
To test this, vehicle injections were administered in place of
estradiol on days 11-13.

On day 14,

rats received either

vehicle or progesterone, 0.8 mgjkg body weight, lh prior to a
final

injection of vehicle.

Animals were then sacrificed

either 1, 6, 12 or 1Bh later, and the effect of progesterone
upon uterine ER mRNA levels was examined.

At the 1h time

point, Figure 36, progesterone generally had no effect on the

Figure 34.

Effect of estradiol (E2) on anterior pituitary
estrogen receptor (ER) mRNA levels 12h after
E2 administration.

The model is as described

in Figure 32; however, sacrifice occurred 12h
after the final injection of either vehicle or
E2, 2

~gjrat.

One experiment performed under

these conditions is presented.
VEHICLE.
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Figure 35.

Effect of estradiol (E2) on anterior pituitary
estrogen receptor (ER) mRNA levels 18h after
E2 administration.

The model is as described

in Figure 32; however, sacrifice occurred 18h
after the final injection of either vehicle or
E2, 2

~gjrat.

One experiment performed under

these conditions is presented.
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ER message levels as compared to controls; although a slight
reduction was noted in one experiment (panel A) .

The average

levels of ER mRNA in the three experiments was 99% of the
control value.

In addition, there was no significant change

in ER mRNA levels at 6h among the three experiments performed
(Figure 37); the average ER mRNA levels representing 97% of
the control.

At 12h (Figure 38) and 18h (Figure 39), a small,

but significant decrease was noted in the experiments following progesterone treatment.

The average level of ER mRNA was

reduced to 70% of the control value at 12h and to 86% 18h
after estradiol ·administration.
B.

Requirement for Esi:rogen Priming in the Anterior Pituitary

Investigations were undertaken to study the effect of
progesterone, in the absence of estrogen priming, upon ER mRNA
levels

in the pituitary.

Figures 40-43.

These results are displayed in

Progesterone administration to the non-primed

ovariectomized rat appeared to have a stimulatory effect on
receptor mRNA content at the 1, 6 and 12h time points as shown
in Figures 40, 41 and 42, respectively.

The average ER mRNA

content was 140% of the control at lh, 136% of control at 6h
and 153% of control at the 12h time point.

At lBh, progester-

one was slightly inhibitory, 78% as compared to the control
value, Figure 43.

Figure 36.

Effect of progesterone (P4), in the absence of
estradiol
receptor
point.

(E2)

(ER)

priming,
mRNA

on uterine estrogen

levels

at

the

1h

time

Mature rats were ovariectomized at 65

days of age (day 0) and beginning on day 11,
they received vehicle, daily for 3 days.

On

day 14, they were injected with either vehicle
or P4,
final

0.8 mgjkg body weight,
injection of vehicle.

sacrificed

1h

later

by

1h prior to a
They were then

decapitation.

uteri per group were removed,

Six

total RNA was

extracted and ER mRNA was quantified by Northern blot analysis.

Three experiments per-

formed under these conditions are presented
(panels A-C).

Result~

were obtained as arbi-

trary units of densitometric analysis of blots
and were expressed as the mean ± S.D. (n=4) of
the percentages of ,8-actin mRNA levels
mRNA/,8-actin mRNA x 100).
CLE.
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Figure 37.

Effect of progesterone (P4), in the absence of
estradiol
receptor
point.

(E2)
(ER)

priming,
mRNA

on uterine estrogen

levels

at

the

6h

time

The model is as described in Figure

36; however, sacrifice occurred 6h after the
final vehicle injection.

Three experiments

performed under these conditions are presented
(panels A-C).
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Figure 38.

Effect of progesterone (P4), in the absence of
estradiol
receptor
point.

(E2)
(ER)

priming,
mRNA

on uterine estrogen

levels

at the

12h time

The model is as described in Figure

36; however, sacrifice occurred 12h after the

final

vehicle

injection.

Two

experiments

performed under these conditions are presented
(panels

A-B) •

a:

p<O·. 05 vs. VEHICLE.

p<O.Ol

vs.

VEHICLE;

a':
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Figure 39.

Effect of progesterone (P4), in the absence of
estradiol. (E2)
receptor
point.

(ER)

mRNA

on uterine estrogen

levels at

the

18h time

The model is as described in Figure

36; however,

final

priming,

sacrifice occurred 18h after the

vehicle

injection.

One

experiment

performed under these conditions is presented.
a': p<O.OS vs. VEHICLE.
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Figure 40.

Effect of progesterone (P4) , in the absence of
estradiol (E2) priming, on anterior pituitary
estrogen receptor (ER) mRNA levels at the 1h
time point.

Mature rats were ovariectomized

at 65 days of age (day O)_and beginning on day
11, they received vehicle, daily for 3 days.
On

day

14,

they

were

injected with

either

vehicle or P4, 0.8 mgjkg body weight, lh prior
to a final injection of vehicle.
then

sacrificed

Eleven

anterior

1h

later

pituitaries

by

They were

decapitation.

per

group were

removed, total RNA was extracted and ER mRNA
was quantified by Northern blot analysis.

One

experiment performed under these conditions is
presented.

Results were obtained as arbitrary

units of densitometric analysis of blots and
were expressed as the mean ± S.D. (n=4) of the
percentages of ,8-actin mRNA levels (ER mRNA/,8actin mRNA x 100).

a: p<0.01 vs. VEHICLE.
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Figure 41.

Effect of progesterone (P4), in the absence of
estradiol (E2) priming, on anterior pituitary
estrogen receptor (ER) mRNA levels at the 6h
time point.
Figure

The mo.del

40;

however,

is as described in

sacrifice

occurred

6h

after the final vehicle injection. One experiment

performed

presented.

under

these

conditions

a': p<O.OS vs. VEHICLE.
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Figure 42.

Effect of progesterone (P4), in the absence of
estradiol (E2) priming, on anterior pituitary
estrogen receptor (ER) mRNA levels at the 12h
time point.
Figure

40;

The model
however,

is as

sacrifice

described in
occurred

12h

after the final vehicle injection. one experiment

performed

presented.

a

1

:

under

these

conditions

p<O. 05 vs. VEHICLE.
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Figure 43.

Effect of progesterone (P4), in the absence of
estradiol (E2) priming, on anterior pituitary
estrogen receptor (ER) mRNA levels at the 18h
time point.
Figure

40;

The model
however,

is as

sacrifice

described
occurred

in
18h

after the final vehicle injection. one experiment

performed

presented.

under

these

conditions
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c.

Effect of Progesterone on Uterine Estrogen Receptor mRNA

Levels 1h After the Last Estradiol Injection
Since Fuentes et al.

(1990a) demonstrated a decrease in

uterine nuclear occupied ER in the estrogen-primed ovariectomized rat, it was of interest to examine whether this decrease
was parallelled by a decrease in ER mRNA levels.

ovariecto-

mized rats were primed with either vehicle or estradiol
~gjrat)

for 3 days beginning on day 11 following ovariectomy.

On day 14,
weight,

(2

either 'vehicle or progesterone,

was administered lh prior to a

estradiol (2

~gjrat).

0. 8 kgjmg body

final

injection of

In this study, animals were sacrificed

lh after the final injection of estradiol.
As shown in Figure 44, estradiol alone caused a significant depletion in ER mRNA content in two experiments (panels
A and B)

as

has been previously shown

(Figure 27).

The

average level of ER mRNA in the four experiments was 59% of
the control.

Progesterone administration to estrogen-primed

rats had no effect on these ER mRNA levels and this was
comparable in all four experiments (56% of the control value).
Figure 45 demonstrates the hybridization of the radiolabelled
rat ER eDNA probe with rat ER mRNA.

This blot was obtained

from the experiment described in Figure 44, panel A.
D.

Effect of Progesterone on uterine Estrogen Receptor mRNA

Levels 6h After the Last Estradiol Injection
The purpose of this experiment was to determine what
effect, if any, progesterone had on ER mRNA content at the 6h
time point.

Essentially the same treatment regimen was used

Figure 44.

Effect of progesterone (P4), in the presence
of estradiol (E2) priming, on uterine estrogen
receptor (ER) mRNA levels lh after the last E2
injection.
65 days
11,

(day O)

they

!J.gjrat,

Mature rats were ovariectomized at
of age and beginning on day

received

either vehicle

daily for 3 days.

or E2,

On day 14,

2

they

were injected with either vehicle or P4, 0.8
mgjkg body weight, lh prior to a final injection of either vehicle or E2, 21J.gjrat.

They

were then sacrificed lh later by decapitation.
six uteri per group were removed,

total RNA

was extracted and ER mRNA was quantified by
Northern

blot

analysis.

Four

experiments

performed under these conditions are presented
(panels A-D).

Results were obtained as arbi-

trary units of densitometric analysis of blots
and were expressed as the mean ± S.D. (n=4) of
the percentages

of ,8-actin mRNA levels

mRNA/,8-actin mRNA x 100).

(ER

a: p<O.Ol vs. VEHI-

CLE; a': p<0.05 vs. VEHICLE.
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Figure 45.

Slot blot analysis of rat uterine RNA.

RNA

was isolated from rat uterine tissue as described in Figure 44.

Total RNA was blotted

onto a Gene Screen Plus nylon membrane by the
method

of

slot

blotting

(as

described

in

Materials and Methods) and hybridized with an
oligolabelled rat ER eDNA probe.

Four samples

of 20 JLg each were loaded for

each group:

VEHICLE, E2, P4 and E2 + P4.

Additionally,

one sample of T47D cells was utilized as a
positive marker for ER mRNA.

•I I I tI
••
<
CD

::r

c;·

co

II

m

~

I I

•

\

I

I I I I I
II

II
""'C

m

"""'

+

~

""'C

"""'

~

"""'
Cl
C')
CD

en

154

as described for

Figure 44,

except that the animals were

sacrificed 6h after the final injection of estradiol.

As

compared to the group which received only estradiol treatment
(38% of the control value), average ER mRNA levels in animals
that

received

estradiol and progesterone were

control value, Figure 46 (panels A-C).

44%

of the

Therefore, progester-

one did not alter the estrogen-induced decrease in ER mRNA
levels.
E.

Effect of Progesterone on Uterine Estrogen Receptor mRNA

Levels 12h After the Last Estradiol Injection
It was of interest to investigate whether progesterone
had any influence on ER mRNA levels at the 12h time point.
Therefore, an experiment was conducted using the same conditions as described above (Figure 44) with sacrifice occurring
12h following estradiol administration.

The results from two

experiments are presented in Figure 47.

As compared to the 6h

time point,

there was recovery of ER mRNA content in the

estradiol-only treated group.
12h control groups,

However, when compared to the

one experiment revealed a

significant

reduction with estradiol treatment alone (panel A), while the
other experiment indicated a stimulatory effect under the same
conditions (panel B).

For the estradiol-only treated group,

the average value of the ER mRNA content from the two experiments

was

93%

of

the

control

which

shows

synthesis as compared to the 6h time point.

a

recovery

of

When progesterone

is administered to the estrogen-primed rat, there is a slight,
but significant reduction in mRNA levels as compared to the

Figure 46.

Effect of progesterone (P4),

in the presence

of estradiol (E2) priming, on uterine estrogen
receptor (ER) rnRNA levels 6h after the last E2
injection.
Figure

44;

The

model

however,

is

as

sacrifice

described

in

occurred

6h

after the final injection of either vehicle or
Three

experiments

performed

under these conditions are presented (panels

A-C).

a: p<O.Ol vs. VEHICLE.
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Figure 47.

Effect of progesterone {P4), in the presence
of estradiol (E2) priming, on uterine estrogen
receptor (ER) mRNA levels l2h after the last
E2 injection.
Figure

44;

The model is as described in

'however,

sacrifice

occurred

l2h

after the final injection of either vehicle or
E2,

2~gjrat.

Two experiments performed under

these conditions are presented (panels A-B).
a: p<O.Ol vs. VEHICLE; b: p<O.Ol vs. E2.
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estradiol-only treated groups.

In the group which received

progesterone treatment, the average decrease of ER mRNA was
71% of the control value.
F.

Effect of Progesterone on uterine Estrogen Receptor mRNA

Levels 18h After the Last Estradiol Iniection
The

effect

of

progesterone

on

the

dynamics

of

the

replenishment phenomenon, was investigated. in the uterus 18h
after estradiol administration.

As depicted in Figure 48,

progesterone had no significant effect on the recovery of ER
mRNA levels (65% of the control value) when compared to the
group receiving estradiol alone (74% of the control).
G.

Effect of Progesterone on Anterior Pituitary Estrogen

Receptor mRNA Levels lh After the Last Estradiol Iniection
since Fuentes et al.

(1990a) also showed a reduction by

progesterone on pituitary nuclear occupied ER lh after the
last estradiol injection, an investigation was undertak.en to
explore whether this was parallelled by a decrease in ER mRNA
content.

The treatment regimen was identical to that de-

scribed above for the uterine investigation at the lh time
point (Figure 44).

Two experiments were performed and are

presented in Figure 49.

Panel A demonstrates that progester-

one had no effect on receptor message content,
panel

B,

vehicle

progesterone was
and

experiments,

estradiol-only

stimulatory as
treated

whereas in

compared to the

groups.

In

the

two

the average value of ER mRNA content for the

progesterone treated group was 107% of the control value.
Therefore, progesterone exerted a minimal effect.

For the

Figure 48.

Effect of progesterone (P4),

in the presence

of estradiol (E2) priming, on uterine estrogen
receptor (ER) mRNA levels 18h after the _last
E2 injection.
Figure

44;

The model is as described in

however,

sacrifice

occurred

18h

after the final injection of either vehicle or
E2,

2J,Lgjrat.

One experiment performed under

these conditions is presented.
VEHICLE.

a: p<O.Ol vs.
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Figure 49.

Effect of progesterone (P4), in the presence
of estradiol (E2) priming, on anterior pituitary estrogen receptor

(ER)

after the last E2 injection.

mRNA levels 1h
Mature rats were

ovariectomized at 65 days of age (day 0) and
beginning

on

day

vehicle or E2, 2

11,

~gjrat,

t_hey

received

either

daily for 3 days.

On

day 14, they were injected with either vehicle
or P4, 0.8 mgjkg body weight,
final

injection

.2~gjrat.

of

either

1h prior to a

vehicle

or

E2,

They were then sacrificed 1h later

by decapitation.

Eleven anterior pituitaries

per group were removed, total RNA was extracted and ER mRNA was quantified by Northern blot
analysis.

Two

experiments

performed under

these conditions are presented (panels A-B).
Results were obtained as arbitrary units of
densitometric

analysis

of

blots

expressed as the mean ± s. D.

and

(n=4)

were

of the

percentages of 13-actin mRNA levels (ER mRNA/13actin mRNA x 100).
p<0.01 vs. E2.

a': p<0.05 vs. VEHICLE; b:
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group which received only estradiol treatment, the average ER
mRNA content represented 90% of the control.
H.

Effect of Progesterone on Anterior Pituitary Estrogen

Receptor mRNA Levels 6h After the Last Estradiol Injection

In order to explore the modulation of ER mRNA levels by
progesterone at the time period of 6h, the same conditions
were

employed

findings

as

in

Figure

44.

in the pitui,tary.

progesterone

50

displays

the

Estradiol alone significantly

reduced the amount of ER mRNA
while

Figure

treatment

(53% of the control value),
of

the

estrogen-primed

rat

slightly prevented the estradiol induced decrease of ER mRNA
(73% of the control value).
I.

Effect of Progesterone on Anterior Pituitary Estrogen

Receptor mRNA Levels 12h After the Last Estradiol Injection

When

RNA

administration,

isolation

occurred

12

hours

post-estradiol

estradiol produced an increase in ER mRNA

content, 149% as compared to the control, and progesterone had
no effect on this action of estradiol, with ER mRNA content
representing 153% of the control (Figure 51) .
J.

Effect of Progesterone on Anterior Pituitary Estrogen

Receptor mRNA Levels 18h After the Last Estradiol Injection

ER mRNA levels, as influenced by estradiol treatment at
the 18h time point,

were not significantly altered in the

presence of progesterone (Figure 52).

The value for ER mRNA

content in the group receiving estradiol alone represented
102% of the control value.

In the presence of progesterone,

the leyel of ER mRNA was 107% of the control.

Figure 50.

Effect of progesterone (P4) ,
of estradiol

(E2) priming, on anterior pitu-

itary estrogen receptor

(ER)

after the last E2 injection.
described
occurred

in
6h

in the presence

Figure
after

49;

the

mRNA

The model is as

however,
final

either vehicle or E2, 2JLgjrat.

levels 6h

sacrifice

injection

of

One experiment

performed under these conditions is presented.

a: p<O.Ol vs. VEHICLE.
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Figure 51.

Effect of progesterone (P4),

in the presence

of estradiol (E2) priming, on anterior pituitary estrogen receptor

(ER)

mRNA levels 12h

after the last E2 injection.

The model is as

described
occurred

in · Figure
12h

after

49;

the

however,
final

either vehicle or E2, 2Mg/rat.

sacrifice

injection

of

One experiment

performed under these conditions is presented.

a': p<O.OS vs. VEHICLE.
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K.

Effect of various Doses of Progesterone Upon Uterine

Estrogen Receptor mRNA Levels 1h After the Last Estradiol
Injection

The reduction in nuclear occupied ER by progesterone was
found to be a dose-dependent phenomenon in rat uterine tissue
(Fuentes et al., 1990a).

Therefore, the question was raised

as to.whether progesterone would exhibit the same effect in
the uterus at the mRNA level.

The ovariectomized rats were

primed for 3 days with estradiol.

On day 14, rats received an

injection of either vehicle, 0. 8, 2. o or 4. 0 mgjkg body weight
progesterone.

As in the previous studies, vehicle or estradi-

ol (2 Mgfrat) was administered lh later and the animals were
sacrificed after an additional hour.

In this experiment,

estradiol reduced the ER mRNA content by 55% at lh.
administered to the estrogen-primed rat,
doses

When

each of the three

of progesterone produced ER mRNA levels which were

similar to those observed in the group treated with estradiol
alone (Figure 53).

The 0.8,

2.0 and 4.0 mgjkg body weight

doses of progesterone yielded ER mRNA levels of 53%, 65% and
68% of the control value, respectively.

Figure 52.

Effect of progesterone (P4),

in the presence

of estradiol (E2) priming, on anterior pituitary estrogen receptor (ER) mRNA levels 18h
after the last E2 injection.
described

in

Figure

occurred

18h

after

either vehicle or E2,

49;
the

The model is as

however,
final

2~gjrat.

sacrifice

injection

of

One experiment

performed under these conditions is presented.
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Figure 53.

Effect of various doses of progesterone (P4)
on uterine estrogen receptor (ER) mRNA levels
lh after the last E2 injection.

Mature rats

were ovariectomized at 65 days of age (day O)
and beginning on day 11, they received either
vehicle or E2, 2

~gjrat,

daily for 3 days.

On

day 14, they were injected with either vehicle
or P4, 0.8, 2.0 or 4.0 mgjkg body weight, lh
prior to a final injection of either vehicle
or E2,

2~gjrat.

They were then sacrificed lh

later by decapitation.

Six uteri per group

were removed, total RNA was extracted and ER
mRNA was quantified by Northern blot analysis.
one experiment performed under these conditions is presented. 'Results were obtained as
arbitrary units of densitometric analysis of
blots and were expressed as the mean ± S.D.
(n=4)
levels

of

the

(ER

percentages

mRNA/B-actin

p<O.Ol vs. VEHICLE.

of

mRNA

~-actin

x

100).

mRNA
a:

l65

:::al

- ""'"'
Cll

~

t;,
:I

'N

'.

N

-"'
E

0

....
0

N

Ill

'"'

0

c..

::J

0

a:

(!)

'N

N

....

w c..

NI.LO'If·S

%

166

L.

Effect of Various Doses of Progesterone Upon Anterior

Pituitary Estrogen Receptor mRNA Levels lh After the Last
Estradiol Injection

The

dose-response

studies

performed

by

Fuentes

et

al. (1990a) demonstrated an interesting finding in the pituitary.

Progesterone

inhibited

biphasic manner in this tissue.
weight doses

nuclear

occupied

ER

in

a

The 0.8 and 4.0 mgjkg body

of progesterone produced maximal

inhibition,

whereas the 2 mgjkg body weight dose brought about a smaller
decrease.

Therefore, we utilized the same model to investi-

gate the influence of progesterone on ER mRNA content.
results from this study are presented in Figure 54.
no

effect

of

estradiol

alone

lh

after

The

There was

injection.

When

administered to the estrogen-primed rat, the 0.8 and 2.0 mgjkg
body weight doses of progesterone appeared to behave in a
stimulatory fashion by increasing the pituitary content of ER
mRNA.

Conversely, the 4.0 mgjkg body weight dose of proges-

terone was without effect as compared to the group which
received only estradiol treatment.

At the highest dose of

progesterone, the ER mRNA levels were, however, significantly
lower than the control and the 0.8 and 2.0 mgjkg body weight
progesterone treated groups.

The pituitary ER mRNA content of

the group treated with estradiol alone was 87% of the control.
The

0. 8

and

2 . 0 mgjkg body weight

doses

of progesterone

increased ER mRNA levels to 104% and 113% of the control value

Figure 54.

Effect of various doses of progesterone (P4)
on anterior pituitary estrogen receptor (ER)
mRNA levels 1h after the last E2 injection.
Mature rats were ovariectomized at 65 days of
age

(day

O)

and beginning on day 11,

received either vehicle or E2, 2
for 3 days.

On day 14 ,

~gjrat,

they
daily

they were injected

with either vehicle or P4.,

0. 8,

2 . o or 4 . 0

mgjkg body weight, 1h prior to a final injection of either vehicle or E2, 2

~gjrat.

They

were then sacrificed 1h later by decapitation.
Eleven

anterior pituitaries per group were

removed, total RNA was extracted and ER mRNA
was quantified by Northern blot analysis.

One

experiment performed under these conditions is
presented.

Results were obtained as arbitrary

units of densitometric analysis of blots and
were expressed as the mean ± S.D. (n=4) of the
percentages of

~-actin

actin mRNA X 100).

mRNA levels (ER

mRNA/~

a': p<0.05 vs. VEHICLE; b:

p<0.01 vs. E2 alone b': p<0.05 vs. E2 alone;
c':

p<0.05

vs.

E2

+

P4

(0.8

mgjkg

body

weight); d: p<0.01 vs. E2 + P4 (2.0 mgjkg body
weight).
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respectively; whereas the 4.0 mgjkg body weight dose reduced
levels to 83% of the control value.

DISCUSSION
I.

Effect

of' Vehicle

Ini ection

on Uterine

and Anterior

Pituitary Estrogen Receptor mRNA Levels

In these studies, the vehicle used to inject estradiol
consisted of 80% saline and 20% ethanol (0.3 ml).

Therefore,

it was of interest to first determine whether ethanol could
alter the levels of estrogen receptor (ER) mRNA levels in the
In addition,

uterus and anterior pituitary.

the treatment

regimen designed for many of the experiments included priming
rats with 3 daily injections of either estradiol (2
vehicle.

~gjrat)

We examined whether the stress of injections andjor

animal handling had any effect on ER mRNA content.
uterus,

or

In the

there was no significant change in ER mRNA levels

among the three groups examined (Figure 24), thus suggesting
that the presence of ethanol in the vehicle, the stress of
injections andjor handling of the animals had no effects on
the levels of uterine ER mRNA.

The response in the pituitary

was different from that found in the uterus (Figure 25).

The

two groups of animals receiving treatment, either saline alone
or 80% saline/ 20% ethanol,

presented with slightly' lower

levels of ER mRNA as compared to the group which received no
treatment of any kind.

This indicated that the effects of

injection and/or handling over the 4 day period may have
stressed the animals to cause a
169

significant alteration in

170

pituitary ER mRNA content.

More importantly, the presence.of

20% ethanol in the vehicle did not appear to change the ER

mRNA levels,

since they were comparable to those receiving

saline alone.
II.

Regulation of Estrogen Receptor mRNA Levels by Estradiol

in the Uterus

Within one hour following a single injection of either 1
J.Lg,

5 J.Lg or 10,, J.Lg of estradiol,

uterine

ER

binding

Muldoon, 1978).

content

was

a pronounced decrease in
observed

(Cidlowski

and

At the 1 J.Lg and 5 J.Lg level, binding capacity

was reduced 90%, while the 10 J.Lg dose effectively decreased ER
binding to very low levels.

The question was raised as to

whether this rapid depletion in receptor binding was parallelled by changes in ER gene expression, as measured at the
level of ER mRNA content.

These studies may indicate whether

there was a predominant increase in ER processing (degradation
and hormone receptor complex utilization) or a decrease in ER
synthesis based on the requirement for ER mRNA for synthesis.
We examined the effect of the 1 J.Lg, 5 J.Lg and 10 J.Lg dosages of
estradiol on ER mRNA levels in the uterus of the two week
ovariectomized adult rat.

The 1 J.Lg and 5 J.Lg doses of estradi-

ol caused small, but significant, decreases in uterine ER mRNA
content which were 82% and 85% of the control value, respectively.
the

However, 10 J.Lg of estradiol reduced ER mRNA to 4 3% of

control

(Figure

55).

As

compared

to the

ER binding

studies, we have demonstrated a similar depletion response,
though less pronounced, in ER mRNA content lh after estradiol

Figure 55.

Effect of different doses of estradiol (E2) on
uterine estrogen receptor (ER) mRNA levels lh
after E2 administration shown as % control.
Values from the experiment described in Figure
26 were expressed as the percentages of the
vehicle ± S.D.

a:

p<O.Ol vs.

VEHICLE; b:

p<O.Ol vs. 1 Mg E2; c: p<O.Ol vs. 5 Mg E2.
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administration.

In our

studie~,

the small decrease in ER mRNA

levels found with 1 Mg or 5 Mg of estradiol may indicate that
the decrease in uterine ER binding observed by Cidlowski and
Muldoon (1978) reflects a predominant increase in ER processing,

rather than a decrease in ER synthesis.

This is an

assumption made on the basis that ER mRNA would be required
for new ER synthesis.

The actual measurements of ER protein

were not performed in this model and may become feasible in
the future when ER antibodies become available for general
use.
the

Processing may represent an increase in degradation of
receptor

by

specific

proteases

(Horwitz

and. McQuire,

1978a, 1978b; Kassis and Gorski, 1983) or simply an inactivation of the ER by a dephosphorylation mechanism to a form
which can no longer bind ligand
1981b and 1982).

(Auricchio et al.,

1981a,

The dramatic reduction in uterine ER binding

content at the 10 Mg dose. of estradiol appears to be accompanied by a reduction in ER mRNA content.

This suggests that

there might be .less receptor synthesis at the higher dose, as
well as increased receptor processing.
At this time,

a ·new model was employed to study the

modulation of ER dynamics by progesterone.

To ensure adequate

tissue

the

responsiveness

to

progesterone,

induction

of

progesterone receptors was accomplished by priming ovariectomized rats with· daily injections

(3 days)

of estradiol

(2

Mg/rat) .
It was of ·interest to determine, in this new model, the
acute effect of the 2 Mg dose of estradiol upon the levels of
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uterine ER mRNA lh after hormone administration.

This is the

time period when an initial loss in ER binding content is
observed.

Therefore, in this new model, it was necessary to

ascertain

the

nature

of

ER

turnover

(an

processing or a decrease in ER synthesis) .

increase

in

ER

In two of the four

experiments conducted, estradiol caused a significant decrease
in ER mRNA levels, while levels in the other two experiments
were not significant, but were less than control values.

The

average value for ER mRNA in all four experiments was 59% of
the control value and represented a significant reduction in
message levels.
the uterus, 2

This suggested that at the lh time point in

~g

of estradiol may be decreasing the synthesis

of the ER in addition to increasing receptor processing.
initial

depletion

administration

is

replenishment.

in

ER binding activity after

followed by an approximate
To

determine

whether

receptor binding is accompanied by a
levels,

ER

mRNA

content

injection of estradiol.

was

measured

this

estradiol

6h delay
lag

decrease
6h

The

phase

in
in

in ER mRNA

after

the

last

In all three experiments performed,

there was a clear and significant decrease in ER mRNA levels,
and the average decrease was 38% of the control.

Thus, at 6h

in the uterus, ER mRNA levels are lower in estradiol-treated
animals.

This could result

in a

decrease

in ER protein

synthesis.
Receptor replenishment approaches basal levels by ll-16h.
Twelve hours post-estradiol injection, a slight but significant increase in ER mRNA content over control levels was
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observed

in

one

of

the

experiments,

decrease was found in the other.

while

a

significant

However, the average value

represented 93% of the control and demonstrates a recovery of
ER mRNA content by 12h as compared to the 6h time point.

The

findings may indicate active ER synthesis during the recovery
period.
ER binding levels begin to overshoot basal levels 18h
after estradiol administration, strongly suggesting continued
receptor synthesis.
time

point

The evaluation of ER mRNA levels at this

revealed

mRNA

levels

slightly

lower

than

the

control (74%) ; but, they were nevertheless higher than those
message levels measured at the 6h time point.

This suggests

that the maintenance of receptor replenishment could be due,
at least in part, to new ER synthesis.

It may be appropriate

to comment that our control animals are castrated and maintain
high levels of ER.

Thus, a high level of ER mRNA is main-

tained in these. animals.
These
estradiol,

findings
there

suggest

is a

that

following

predominant increase

exposure

to

in uterine ER

processing initially which is then followed by an inhibition
of ER mRNA synthesis.

At approximately lh, there may be a

period of transition from increased ER processing to decreased
ER synthesis.

Restoration of basal ER mRNA levels appears to

begin somewhere between 6 to 12h and may represent new ER
synthesis

and

(Figure 56).

recycling

of

previously

utilized

receptor

This pattern is similar to the ER depletion;

replenishment response observed in binding studies.

Thus, the

Figure 56.

Effect of estradiol (E2) on uterine estrogen
receptor (ER) mRNA levels after E2 administration shown as

% Control.

The experimental

values from each time point were averaged and
expressed as

a

percentage of the vehicle ±

s. D.

Each panel represents one of the various

time

points

Figure 27

examined.

Panel

(n=4); panel B (6h)

A

(lh)

from

from Figure 28

(n=3); panel c (12h) from Figure 29 (n=2) and
panel D ( 18h). from Figure 30 (n=l) .
vs. VEHICLE.

a: p<O. 01
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existence of a control mechanism for estradiol in regulating
tissue sensitivity may be implied at the molecular level.

Regulation

III.

of

ER mRNA

Levels

by

Estradiol

in

the

Anterior Pituitary
A depletion of ER binding activity was also observed in
the anterior pituitary 1 hour following estradiol treatment
(Cidlowski and Muldoon,

1978).

A single 1

~g

injection of

estradiol decreased binding levels to 70% of the control, and
5 )l.g caused 50% depletion.

Minimal

levels of ER binding

activity were detected after a 10 )l.g injection of estradiol.
An investigation was undertaken to determine if ER mRNA levels
changed in parallel with ER binding content.

The effects of

three doses of estradiol (1Ji.g, 5 )l.g and 10 )l.g) on pituitary ER
mRNA levels were· measured.

As compared to the control, little

difference was observed at the 1 )l.g level (88%), but the level
of message appeared

significantly greater (124%) than control

at 5 )l.g of estradiol
uterus,

(Figure 57) .

As demonstrated in the

the 10 .Ji.g dose caused a significant decrease in ER

mRNA content in the pituitary (69% of the control value).

In

accordance with the ER binding data,. the depletion of ER mRNA
in the pituitary is not as pronounced as in the uterus.

The

fall in binding activity in the pituitary with 1 )l.g and 5 )l.g
of estradiol may represent an increase in receptor processing,
while inhibition of ER synthesis may be predominant with 10 )l.g
of estradiol.

The increase in ER mRNA content at the 5 )l.g

concentration may indicate an increased capacity of the tissue
to synthesize ER initially, though this reflects the results

Figure 57.

Effect of different doses of estradiol (E2) on
anterior pituitary estrogen receptor (ER) mRNA
levels lh after E2 administration shown as %
control.

Values from the experiment described

in Figure 31 were expressed· as the percentages
of the vehicle± S.D.
b': p<O.OS vs. 1

~g

a': p<O.OS vs. VEHICLE;

E2; c: p<O.Ol vs. 5

~g

E2.
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from only one experiment.
differences

in

the

Thus, there appeared to be some

effects

compared to the uterus.

observed

in

the

pituitary

as

It should also be emphasized that the

stress of injection andjor handling of the animals brought
about a small, but significant reduction in the content of
pituitary ER mRNA.
In response to estradiol,

ER binding activity in the

anterior pituitary exhibits a depletion; replenishment pattern
resembling that found in the uterus.

Examination of pituitary

ER mRNA dynamics in the estrogen-primed rat, 1h after the last
estradiol injection, revealed no significant change in ER mRNA
levels as compared to controls.

In all probability,

this

suggests that the decrease in ER binding at the 1h time point
in the new model may be largely due to the effects of processing.

In the presence of estradiol, ER mRNA levels were 53% of

the control value.

Thus, the decrease in ER mRNA content at

6h may be consistent with the hypothesis that the delay in
receptor replenishment
inhibition of synthesis.

in the pituitary may be due to an
By 12h, ER mRNA content was signifi-

cantly higher

(149% of control)

comparable

control

to

values

administration (Figure 58).

than basal levels and was
18h

(102%)

after

estradiol

The elevation of mRNA levels at

12h may reflect increased capacity for synthesis of the ER
which is subsequently reflected by the recovery of ER binding
levels.
The two tissues respond somewhat differently to hormone.
The

reduction

of

ER mRNA

levels,

as

well

as

ER binding

Figure 58.

Effect of estradiol (E2) on anterior pituitary
estrogen receptor

(ER)

mRNA levels after E2

administration shown as % Control.
imental

values

from

each

time

The experpoint

were

averaged and expressed as a percentage of the
vehicle ± S.D.

Each panel represents one of

the various time points examined.
(lh)

Panel A

from Figure 32 (n=3); panel B (6h)

Figure 33 (n=l); panel

from

c (12h) from Figure 34

(n=l) and panel D (18h) from Figure 35 (n=l).
a: p<O.Ol vs. VEHICLE; a': p<0.05 vs. VEHICLE.
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activity in the pituitary is not as rapid or pronounced as
that

seen

in

the uterus.

A greater degree

of

receptor

processing seems to account for the initial ioss of ER binding
activity in the pituitary,

and the transition to greater

synthesis inhibition appears more gradual than in the uterus.
Although the magnitude of the replenishment varied in both
target tissues, basal levels of ER mRNA were restored by 12h.
The increased mRNA content observed in the pituitary at that
time

may

reflect

Nevertheless,
uterus

and

a

higher

degree

of

tissue

sensitivity.

replenishment of receptors beyond 6h in the

anterior pituitary

synthesis of new ER.

is most

likely due

to

the

The depletion; replenishment pattern of

ER mRNA has been shown to be similar in response to estradiol
in both target tissues.

This suggests a common mechanism for

the. control of receptor population.

IV.

Modulation of Estrogen Receptor Dynami-cs by Progesterone

in the uterus

A.

Progesterone Effect in the Absence of Estrogen Priming
The requirement for estrogen priming for the induction of

progesterone

receptors

in

subject of intense scrutiny.
for

progesterone

to

responsive

tissues

has

been

a

Estrogen priming is necessary

decrease

occupied

nuclear

estrogen

receptors in the uterus and anterior pituitary (Fuentes et
al., 1990a).

Therefore, in the non-estrogen primed rat, we

expected that ER mRNA levels would not change in the presence
of progesterone.

At the lh time point, progesterone generally

had no effect on uterine ER mRNA content, although a slight
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reduction was noted in one experiment.

The average value for

ER mRNA

in the three experiments was

99%

(Figure

59).

in

No

significant

change

of the control
mRNA

levels

was

detected at 6h in the uterus, with average ER mRNA levels at
this time representing 97% of the control- value.

At 12 and

18h, progesterone produced a small, but significant decrease
in ER mRNA as these levels were 70% and 86% of the control
value, respectively.

However, this finding was very likely

due to the small amount of estrogens present.

Estrogens from

the adrenal gland and from the aromatization of peripheral
androgens would allow for a sufficient induction of progesterone receptors.

In addition, a population of estrogen-indepen-

dent progesterone .receptors has been identified in the hamster
uterus {Allen and Leavitt, 1983).

At the uterine level, it

was concluded that progesterone generally had no effect on ER
mRNA content.
B.

Progesterone Effect in the Presence of Estrogen Prim-

ing
Since Fuentes et al.

{1990a) demonstrated a decrease in

uterine and anterior pituitary nuclear occupied ER when the
estrogen-primed ovariectomized rats were treated with progesterone, we examined whether this reduction may be due to an
increase in ER processing or an inhibition of ER synthesis.
It should be noted that the ER binding studies performed by
Fuentes et al. {1990a) were obtained at the 1h time point.

In

addition to the 1 hour time point, we examined the effects of
progesterone at 6, 12 and 18h.

The effects of progesterone on

Figure 59.

Effect of progesterone (P4), in the absence of
estradiol

(E2)

priming,

on uterine estrogen

receptor (ER) mRNA levels shown as % Control.
The experimental values from each time point
were averaged and expressed as a percentage of
the vehicle ± S.D.

Panel A (lh)

36 (n=3); panel B (6h)

from Figure

from Figure 37

(n=3);

panel c·('12h) from Figure 38 (n=2) and panel D
( 18h)

from Figure 39

VEHICLE.

(n=l) .

a:

p<O. 01 vs.
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the dynamics of ER turnover have been difficult to.evaluate
since estradiol itself influenced the turnover of ER.
this

model,

the

method

employed

for

estrogen

With

priming

effective for the induction of progesterone receptors.
time

progesterone

is

administered,

estradiol

is

By the

would

have

cleared the circulation, and thus would have minimal influence
on ER turnover.

The final injection of estradiol, lh after

progesterone treatment, was used to generate a population of
nuclear occupied ER so that the effects of progesterone on the
dynamics of the ER could be examined.
The reduction in nuclear ER levels by progesterone in the
uterus

has

been

shown

to

correlate

with

progesterone's

antagonism of the estrogen-induced increase in uterine weight
(Walters and Clark, 1979).

The progesterone antagonist, RU

486, can prevent the progesterone-induced decrease in uterine
weight and nuclear ER binding activity in estrogen-primed,
ovariectomized rats (Okulicz, 1987).

Thus,

for the uterus,

the question was raised as to whether progesterone decreases
ER binding by stimulating processing or inhibiting receptor
synthesis.

ER mRNA levels were measured in the presence of

progesterone.

The uterine data for this study is summarized

in Figure 60 and the average ER mRNA levels at each time point
are presented as a percentage of the control values.
been

previously

demonstrated,

estradiol

alone

As has

caused

a

significant depletion in uterine ER mRNA content at lh, with
an average ER mRNA representing 59% of the control value.
Progesterone administration did not alter the estrogen-induced

Figure 60.

Effect of progesterone (P4), in the presence
of estradiol (E2) priming, on uterine estrogen
receptor (ER) mRNA levels shown as % Control.
The experimental values from each time point
were averaged and expressed as a percentage of
the vehicle ± S.D.
44

Panel A (lh)

(n=4); panel B (6h)

from Figure

from Figure 46

(n=3);

panel c (12h) from Figure 47 (n=2) and panel D
(18h)

from Figure 48

(n=l).

VEHICLE; b': p<0.05 vs. E2.

a:

p<O.Ol vs.
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change in uterine ER mRNA content as the average level of ER
mRNA at lh was 5q% of the control value.

Thus, the finding

implies that the decrease in nuclear occupied ER by progesterone may be consistent with the hypothesis that this may be due
to enhanced receptor processing rather than an inhibition of
synthesis.

Examination of uterine ER mRNA levels at the 6, 12

and l8h time points, allowed us to determine whether progesterone could modulate the effects of estradiol on ER mRNA
levels.

Message levels were 38% of the control level at 6h

and progesterone had no effect on these mRNA levels since the
average value represented 44% of the control level.

Twelve

and l8h after the administration of estradiol alone, ER mRNA
levels were near control levels as compared to the 6h time
point.

ER mRNA content at l2h was 93% of the control value,

while at lBh,

it was 74% of controls.

progesterone to the system caused further

The introduction of
reduc~ion

in message

levels which were 71% of the control at l2h and 65% at l8h.
It appeared that progesterone is slightly antagonizing the
replenishment of ER mRNA levels.

v.

Modulation of Estrogen Receptor Dynamics by Progesterone

in the Anterior Pituitary
A.

Progesterone Effect in the Absence of Estrogen Priming
The response of the pituitary to progesterone in the

absence of estrogen priming was somewhat different from that
observed in the uterus.

Progesterone appeared to be stimula-

tory to -ER mRNA levels at 1, 6 and l2h.

The average receptor

mRNA content was 140% of the control at lh, 136% at 6h and
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153%

of

the

control

at

12h.

In

addition,

progesterone

slightly reduced message levels at 18h to 78% of the control
value

(Figure

61).

These

effects

of

progesterone

were

probably manifested by the progesterone receptor since basal
levels of these receptors have been found in the pituitary of
chronically

ovariectomized

rats

(Moguilewsky

and

Raynaud,

1979; MacLusky and McEwen, 1980; Calderon et al., 1987; Smanik
et al., 1989).
anterior

In vitro recombination experiments in the rat

pituitary

revealed

low

levels

of

progesterone

receptors in the absence of estrogen priming, and a decrease
in ER binding activity by progesterone was detected (Smanik et
al.,

1989).

Therefore,

the

decrease

in

ER

activity

progesterone is an extremely sensitive response.
of endogenous estrogens,

by

Low levels

in the absence of the ovaries and

estrogen priming, may contribute to the induction of progesterone receptors as suggested for uterine tissue.
also

been

reports

of

There have

"estrogen-independent"

progesterone

receptors in the brain and pituitary of rats,

hamsters and

guinea pigs (Maclusky and McEwen, 1980; Fraile et al.; 1987;
Blaustein et al.,
remains obscure.
embryo,

1988), but their functional significance
In the central nervous system of the chick

it has been suggested that the basal expression of

progesterone

receptors

during

development

independent and above that level,

are

estrogen-

these receptors are up:-

regulated by estr<;:>gens (Guennoun and Gasc, 1990.).
The

amount

of progesterone receptors

present

in

the

absence of estrogen priming, regardless of whether receptor

Figure 61.

Effect of progesterone (P4), in the absence of
estradiol (E2) priming, on anterior pituitary
estrogen receptor (ER) mRNA levels shown as %
Control.

The experimental values from each

time point were averaged and expressed as a
percentage of the vehicle ± S.D.

Panel A (lh)

from Figure 40 (n=1); panel B (6h) from Figure
41 (n=1); panel c

(12h)

and panel D (18h)

from Figure 43

p<0.05 vs. VEHICLE.

from Figure 42
(n=1).

(n=1)
a':
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induction was estrogen-independent or estrogen-dependent on
low levels of endogenous estrogens, may be sufficient for the
action of progesterone.

The suppression of ER mRNA levels by

progesterone in the uterus at 12 and 18h and in the pituitary
at 18h is consistent with the observation that progesterone
produces a decrease in occupied nuclear ER in these tissues.
In c·ontrast,

the tissue specificity for the elevation of

pituitary ER mRNA content by progesterone at 1, 6 and 12h is
difficult

to

The

explain.

whereby progesterone

site and mechanism of action

influences the preovulatory surge of

gonadotropins from the pituitary remains poorly understood.
Progesterone has been shown to increase luteinizing hormone
releasing hormone (LHRH) release from the hypothalamus both in
vitro and in vivo (Leadem and Kalra, 1984; Kim and Ramirez,
1985;

Levine

et

al.,

1985;

Kalra

et

al.,

1981;

Kim

and

Ramirez, 1982; Levine and Ramirez, 1982; Drouin and Labrie,
1981; Lagace et al.,
been

shown

pituitary

to
to

1980).

increase
LHRH.

In addition, progesterone has

the

sensitivity

Furthermore,

LHRH

of
can

the

anterior

directly

and

dramatically elevate nuclear ER levels in the pituitary (Singh
and Muldoon, 1983).

Thus, it appears reasonable to speculate

that, under certain conditions, progesterone may be indirectly
stimulatory

to

pituitary

ER

levels.

Upon

progesterone

administration, the low levels of progesterone receptors in
the two week ·ovariectomized rat may be sufficient to mediate
the progesterone-induced release of LHRH from the hypothalamus.

Sl,lbsequently, LHRH may directly cause an elevation in
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anterior pituitary ER mRNA content which would produce the
increase

in

nucl.ear

findings presented,

ER

binding

activity.

Based

on

the

we have shown a divergent response to

progesterone, in the absence of estrogen priming, in uterine
and anterior pituitary tissues.
B.

Progesterone Effect in the Presence of Estrogen Priming
The integrative actions of estrogen and progesterone are

crucial

for

the

gonadotropins

regulation

from

the

of

the

preovulatory

anterior pituitary.

surge

of

Estradiol

is

recognized as the primary trigger for the surge, and progesterone appears to modulate this action of estrogen (Everett,
1948; Ferin et al., 1969; Mahesh and Muldoon, 1987; Labhsetwar,

1970).

In

the

estrogen-primed

rat,

the

effect

of

progesterone on gonadotropin secretion may be stimulatory or
inhibitory based on the dose of progesterone administered and
the time of progesterone administration (Ferin et al., 1969;
McPherson and Mahesh, 1979; McPherson et al., 1975; DePaolo
and Barraclough, 1979).

There is considerable evidence that

the effect of progesterone may be manifested,
part,

at least in

in the pituitary by inducing a depletion of occupied

nuclear ER

(Smanik et al.;

1989;

Fuentes et al.,

1990a).

Therefore, in the estrogen-primed rat, the effects of progesterone on ER mRNA turnover in the anterior pituitary became
the focus of our next study.

At the 1h time point, there was

no change in ER mRNA levels in the group treated with estradiol alone (90%) as compared to the vehicle group (Figure 62).
Progesterone administration to the estrogen-primed rat yielded

Figure 62.

Effect of progesterone (P4),
of estradiol

in the presence

(E2) priming, on anterior pitu-

itary estrogen receptor (ER) mRNA levels shown
as % Control.

The experimental values from

each time point were averaged and expressed as
a percentage of the vehicle ± S.D.
(lh)

from Figure 49

Panel A

(n=2); panel B (6h)

from

Figure 50 (n=l); panel C (12h) from Figure 51
(n=l) and panel D (18h) from Figure 52 (n=l).
a: p<O.Ol vs. VEHICLE; a': p<0.05 vs. VEHICLE.
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an

average

Therefore,

ER mRNA value
it

was

that was

concluded

that

107%

of

the

progesterone

control.
exerted

a

minimal effect on ER mRNA levels at lh, and the reduction in
nuclear ER binding activity may be due to an increase in
receptor processing rather than an inhibition of synthesis.
The modulation of ER mRNA content ·by progesterone was
examined in the pituitary at the 6,
points.

As

noted

previously,

12

and 18 hour time

estradiol

treatment

alone

produces a depletion/replenishment response in the levels of
ER mRNA.

At Gh, estradiol alone significantly reduced message

levels to 53% of control, while progesterone treatment of the
estrogen-primed rat partially prevented (73% of the control
value)

the estradiol induced decrease in the content of ER

mRNA.

Estradiol appeared to increase ER mRNA levels-to 149%

of the control at 12h, and progesterone had no effect (153% of
the control value) on this action of estradiol.

At 18h, the

values of both hormonal treatment groups were comparable to
that of the vehicle treated group.

Estradiol treatment alone

yielded a level·of ER mRNA that was 102% of the control, and
in· the presence ·of progesterone, this level was 107% of the
value obtained with vehicle administration.
These studies clearly indicate that progesterone, in the
estrogen-primed rat, has minimal influence on the levels of ER
mRNA in the uterus and anterior pituitary.

In both tissues,

progesterone had no effect on the estrogen-induced decrease in
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ER mRNA levels at. the 1 and 6h time points.

The only differ-

ence observed was at 12 and 18h when, in the uterus, progesterone

caused

a

further ·reduction

in

message

levels

as

compared to those found in the group treated with estradiol
alone.

Therefore·,

it was

concluded

that

the

additional

decrease of ER binding levels by progesterone at early time
points, may be due to enhanced processing rather than synthesis inhibition.
The mechanism(s) whereby progesterone brings about the
decrease

in

the ER binding content

is

unknown

Several

o

concepts have been proposed for the progesterone effects and
include:

1)

the ER transformation and activation process; 2)

the induction of synthesis of an "estrogen receptor regulatory
factor"

for a

decrease

in occupied nuclear ER

Leavitt, 1980; Okulicz et al., 1981a, 1981b); 3)

(Evans and
the stimula-

tion of phosphatase activity involved in the degradation of
the ER protein (Leavitt et al., 1983); and 4)
of

17~-hydroxy

lism

of

the stimulation

steroid dehydrogenase activity for the metabo-

estradiol

(Gurpide,

1983).

17~-Hydroxy

steroid

dehydrogenase appears to be a strong candidate for the action
of progesterone in the anterior pituitary,

but not in the·

uterus (Wahawisan and Gorell, 1980; El Ayat. and Mahesh, 1984;
Fuentes

et

al.,

1990c).

Phosphatase

activity

has

been

described in the hamster uterus, and thus, a similar mechanism
may be present in the rat uterus

(McDonald et al. ,

1982)

0

Clearly, different mechanisms exist for the action of progesterone on the dynamics of ER in the rat pituitary and uterus.
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From previously reported ER binding studies performed
following estradiol treatment, it was suggested that recycling
of previously utilized receptors may account for the early
stages of ER replenishment.

The synthesis of new receptors

contributes to the overshoot in ER binding activity observed
in the later stages.

In that system,

progesterone allows

receptor replenishment in the uterus but prevents the over-.
shoot observed in ER binding content

(Hseuh et al.,

1976;

Bhakoo and Katzenellenbogen, 1977; Katzenellenbogan et al.,
1979).

Therefore,

this

may

indicate

that

inhibits the synthesis of new ER protein.

progesterone

our findings in the

uterus at 12 and 18h are consistent with this hypothesis,
since progesterone appeared to suppress the estrogen-induced
recovery of ER mRNA levels in 'the uterus.
Since

the

ER

is

essential

for

regulating

specific

transcriptional processes involved in the generation of the
estrogenic response; the control of ER dynamics by progesterone is highly significant.
VI.

Effects of various Doses of Progesterone in the uterus

The reduction of occupied nuclear ER by progesterone was
found, to ,be a dose-dependent phenomenon in rat uterine tissue
(Fuentes et al., 1990a).

To determine whether the levels of

ER mRNA parallelled the decrease in binding, we examined the
effects of different doses of progesterone on uterine ER mRNA
levels.

The results from this study are summarized in Figure

63, and the average ER levels at each dose are presented as a
percentage of the control value.

An injection of estradiol

Figure 63.

Effect of various doses of progesterone (P4)
on uterine estrogen receptor (ER) rnRNA levels
shown as % Control.

Values from the experi-

ment described in Figure 53 were expressed as
the percentages of the vehicle ± S.D.
p<O.Ol vs. VEHICLE.
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alone significantly reduced ER rnRNA content to 55% of the
control.

The administration of either 0.8, 2.0 or 4.0 mgjkg

body weight

progest~rone

e~trogen-primed

to

rats did not alter

the estradiol-induced decrease of ER rnRNA levels.

For the

0.8, 2.0 and 4.0 mgjkg body weight doses of progesterone, ER
mRNA levels were
respectively.

53%,

65%

and

68%

of the

control value,

This finding in the uterus implies that the

dose-dependent depletion in nuclear ER binding activity by
progesterone may be due to an increase in ER processing rather
than a decrease in new ER synthesis.
VII.

Effects of Various Doses of Progesterone in the Anterior

Pituitary

Various doses of progesterone exert a multiphasic effect
on gonadotropin release.

In the immature ovariectomized rat

primed with low doses of estradiol, some doses of progesterone
were very effective in stimulating the gonadotropin surge,
while other .doses caused a suppression or had. no effect on
gonadotropin release (McPherson et al., 1974; McPherson and
Mahesh, 1979).

Similarly, in the immature ovariectomized rat

primed with 2 Mg estradiol,

the 0.8 and 3.2 mgjkg body weight

doses of progesterone inhibited the estrogen-induced prolactin
release whereas the 2 mgjkg body weight dose did not (Brann et
al., 1990b).

Fuentes et al. (1990a) used the mature ovariec-

tomized rat primed with 2 Mg estradiol and demonstrated that
0.8 and 4.0 mgjkg body weight doses of progesterone significantly reduced pituitary nuclear ER binding whereas the 2.0
mgjkg body weight dose exerted a smaller degree of inhibition.
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Thus,

the response of the pituitary to different doses of

progesterone was· multiphasic, while the uterus demonstrated a
dose-dependent depletion in nuclear ER binding.

Therefore, we

utilized

influence

the

same model

to

investigate

the

progesterone on pituitary ER mRNA content.

of

The results are

'··

presented in Figure 64.

As has been previously shown, there

is no effect of estradiol alone lh after injection, as mRNA
levels represented 87% of the control value.

When adminis-

tered to the estrogen-primed rat, the 0.8 and 2.0 mgjkg body
weight doses of progesterone appear to stimulate the levels of
ER mRNA to 104% and 113% of the control value.

However, the

4.0 mgjkg body weight dose of progesterone was without effect
(83% of the control) as compared to the group which received
only estradiol treatment.
this dose of

prog~sterone

In addition, ER mRNA content with
was lower than. control and the 0.8

and 2.0 mgjkg body weight progesterone treated groups.

Our

results do not correlate with the findings from the ER binding
studies.
treatment

As compared to the level of ER mRNA present after
with

estradiol

alone,

progesterone

appears

to

elevate ER mRNA levels at lower concentrations and slightly
decreases message content at the highest dose employed.

These

observations re-emphasize the possible existence of different
mechanisms of action of progesterone on ER dynamics in the
uterine and anterior pituitary tissues of the adult. rat.

The

modulation of ER turnover may be a significant control point
for progesterone in responsive tissues.

Figure 64.

Effect of various doses of progesterone (P4)
on anterior pituitary estrogen receptor (ER)
mRNA levels shown as % Control.
the

experiment described

Values from

in Figure 54

we:te

expressed as the percentages of the vehicle ±
S.D.

a': p<0.05 vs. VEHICLE; b: p<O.Ol vs. E2

alone;.b': p<0.05 vs. E2 alone; c': p<0.05 vs.
E2 + P4 (0.8 mgjkg body weight); d: p<O.Ol vs.
E2 + P4 (2.0 mgjkg body weight).
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Collectively,

our findings demonstrate differences

in

tissue specificity of the actions of estrogen and progesterone
on. the levels of ER mRNA.

Further studies are in progress in

our laboratory ·to elucidate the mechanisms of steroid hormone
action.

SUMMARY

Recently, there has been a re-evaluation of the roles of
steroid hormones.

Clearly, a major effect of these compounds

is the regulation of gene expression in classically responsive
tissues.

Additionally,

many

other

events

appear

to

be

influenced by steroids, and these require further study.

A

hormone may modulate certain cellular events in one.type of
tissue,

while

tissue.

The goal of this dissertation was to explore possible

mechanisms

triggering

different

responses

in

another

involved within the broad spectrum of estrogen

action.
The

first

project examined

the

beneficial

action

of

estrogens in reducing cardiovascular problems in women of the
reproductive age group.

The mechanism of hormone action has

yet to be determined.

Investigations were conducted with

human monocytes and macrophages, cells which are known to be
major

contributors

Extracted RNA

from

to

atherosclerotic

these

cells

was

plague

formation.

probed with estrogen

receptor (ER), apolipoprotein E, LDL receptor, and scavenger
receptor eDNA probes.

The results revealed trends rather than

consistent data. The virtual lack of conclusive data led to
the termination of the project.
According to the classical theory of steroid hormone
action,

hormone

interacts

with
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its

cognate

intracellular
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receptor to elicit the qppropriate bioiogical response(s).
However,

mounting evidence has indicated the existence of

alternative mechanisms for steroid action.

The second aspect

of the dissertation. addressed the question of whether hormone
binding to "classical" steroid hormone receptor is mandatory,
in all cases,

for hormone action.

Several- 11-substituted

estrogens were chosen to examine the interrelationship between
estrogenic activity and estrogen receptor

"'

(ER)

binding.

A

preliminary study previously reported indicated that two of
these

estrogenic

analogs,

11~-acetoxy

estradiol

and

11~-

hydroxy estradiol, exhibited poor ER binding activity.
particular interest,

11~-acetoxy

Of

estradiol was approximately

four times more biologically active than estradiol, whereas
11~-hydroxy

estradiol possessed less than 1% of the biological

activity of estradiol.
fo~nd

above

The epimer, 11a-hydroxy estradiol, was

to be void of any estrogenic activity.

To test the

binding

compound

results,

the

ability

of

each

to

displace the binding of 3H-estradiol from the ER was measured
in rat uterine cytosol that was either untreated or partially
11~-acetoxy

purified.

The results obtained for

11~-hydroxy

estradiol and 11a-hydroxy estradiol were compared

to those of

17~-estradiol.

17 ~-estradiol

estradiol,

In all cytosolic treatment groups,

exhibited the highest degree of

inhibition,

while each of the other three compounds caused only a slight
dose-dependent inhibition.-

This work confirms the findings of

the previous studies-that ER binding by 11~-acetoxy estradiol
and

11~-hydroxy

estradiol was very weak.

In addition,

we
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demonstrated that lla-hydroxy estradiol possessed relatively
little affinity for the ER.

The fact

that the receptor

binding activity of 11#-acetoxy estradiol does not correlate
with the extent of its biological activity offers further
proof for the existence of "non-classical" mechanisms for
s,teroid hormone action.
The final part of this dissertation involved an examination of the synthesis and processing (degradation and hormone
receptor complex utilization) components of ER turnover.

It

is well-recognized that when a single injection of estradiol
is administered to ovariectomized or estrogen-primed,rats, a
rapid

decrease

in

ER binding

in the uterus

and

anterior

pituitary occurs within lh followed by replenishment to basal
levels by ll-16h.

The administration of progesterone further

reduces ER binding in both tissues.

The objective of this

project was to examine whether changes

in ER mRNA levels

paralielled those changes reported for ER binding content.
Uterine ER mRNA levels showed minimal change lh after
estradiol administration, was significantly reduced at 6h and
mRNA levels were restored to control levels by 12 and 18h.
Progesterone did not alter the estrogen-induced changes in
uterine ER mRNA.

In the anterior pituitary, estrogen effects

were similar to the uterus at all time points.

Progesterone,

in the absence of estrogen-priming, increased ER mRNA in the
pituitary.

At

all

times,

progesterone

presence of estrogen-priming,

injection

in

the

produced ER mRNA levels that

were similar to the groups treated with estradiol alone.
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These studies suggest that the initial decline in ER
binding after a single injection of estradiol may be due to
increased receptor processing of the presynthesized receptor
in the uterus and anterior pituitary.

This appears to be

followed by a suppression of ER synthesis, and replenishment
beyond

6h

is most likely due to new ER synthesis.

The

additional .reduction in ER binding by progesterone could be
due to enhanced receptor processing rather than inhibition of
synthesis.

Finally,

the

effects

of

progesterone

on

dynamics differ in the uterus and the anterior pituitary.

ER
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