
AN ABSTRACT OF THE THESIS OF

Kathy N. Astrahantseff for the degree of Master of Science in Zoology 

presented on June 11, 1992. 

Title: Interactions Between Cultured Mouse Uterine Epithelial 

and Stromal Cells During Estrogen-Induced Proliferation 

Redacted for Privacy
Abstract approved: 

Dr. John E. Morris. 

Implantation of the mouse blastocyst into a progesterone primed uterus 

occurs after an increase in circulating estrogen levels in the mouse. The cellular 

events first require changes in the uterine epithelial surface permitting attachment 

of the blastocyst. Changes induced by gonadal steroids are well documented in 

both the epithelium and stroma of the intact uterus, however, very little is known 

about how these changes are mediated. There is accumulating evidence in rodents 

that the proliferative response of uterine epithelium to estradiol in vivo probably 

requires interaction with the underlying stroma during development, before sexual 

maturity and at adulthood. A method of directly observing the cell types prolif

erating in response to estradiol in vitro was used in order to determine whether 

stromal interaction is required for epithelial response to estrogen. Primary cultures 

of uterine epithelium and stroma from either immature or adult mice in early es

trus were maintained in a defined, serum-free medium, and were treated on day 2 

of culture with 8 x 10-9 M 1713-estradiol or control medium for 24 hours. Uterine 

epithelial and stromal cells were examined in monoculture and coculture, using cel

lular morphology and immunolocalization of cytokeratin to distinguish epithelial 

cells from stromal cells. Proliferation was assayed by antibody labeling of incor

porated 5-bromo-2-deoxyuridine in individual cells. Estradiol-treatment increased 

the proliferation of the epithelium in cocultures of cells isolated from immature 

or adult mice (on. the average of 2-fold and 4-fold, respectively). Proliferation 



as high as 7-fold above controls occurred. Estradiol also stimulated proliferation 

in the stromal cells in coculture, albeit to a lesser extent. Treatment with 17,Q

estradiol suppressed proliferation of epithelial monocultures by 50% and stromal 

monocultures by 30% for cells isolated from immature mice. Estrogen-treatment 

of cells isolated from adult mice also decreased the proliferation of epithelial and 

stromal monoculture. The response of epithelium to estrogen in either cocultures 

or monocultures was greater than that of stromal cells. Density of the culture af

fected the baseline proliferation, which increased with increasing densities within 

the optimal range, and decreased at very high or very low culture densities. Cells 

were grouped from cocultures isolated from immature mice according to the type 

of cell and the type of cells each contacted directly. Epithelial cells that had phys

ical contacts to both stromal and epithelial cells in the estrogen-treated coculture 

accounted for approximately 80% of the estradiol-stimulated proliferation in these 

cocultures. The specificity of the estradiol stimulation was shown by the addition 

of either 10-5 or 10-7 M tamoxifen to cocultures with estradiol, which prevented 

the estradiol-stimulated increase in proliferation. These results demonstrate that 

stromal cell interaction is necessary for the estrogen-induced proliferation of ep

ithelium in vitro, and that this mediation requires cell contact with the epithelium 

or stromal-mediated changes in the microenvironment immediately around the 

epithelial cell. 
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Interactions Between Cultured Mouse Uterine Epithelial

and Stromal Cells During Estrogen-Induced Proliferation

Chapter 1 

Steroidal ly Induced Cellular Changes in the
Endometrium During the Estrous Cycle in the

Mouse A Review of the Literature

1.1 Major Cell Types and Interactions within the En

dometrium 

1.1.1 Cell Types within the Endometrium 

The uterus is composed of two compartments: the endometrium and myometrium. 

The endometrium consists of epithelium, stroma and the basement membrane 

which separates the two tissue types. The myometrium contains circular and lon

gitudinal smooth muscle layers separated by and surrounded by connective tissue. 

The simple, columnar epithelium which lines the luminal surface of the 

uterus has a number of tubular invaginations known as uterine glands. The num

ber of glands present in the uterus varies among species from a relatively low 
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number of straight glands in rodents to a high number of tortuous glands present 

in primates [1]. Luminal and glandular epithelial cells have typical junctional com

plexes consisting of tight junctions, gap junctions and desmosomes on the lateral 

regions of their plasma membranes. These allow epithelial cells to maintain the 

integrity of the sheet and communicate with each other. Apical and basal surfaces 

of the cells are different in form and function. This polarity has been demonstrated 

by primarily basal uptake of methionine and secretion of prostaglandins, primarily 

apical secretion of proteins, and localization of a number of membrane components 

including apically located cell adhesion molecule-105 (CAM-105) [2, 3, 4]. 

Fibroblasts make up the cellular portion of the stroma and secrete the 

matrix in which they are embedded. Primary components of the stromal matrix are 

collagen type I, chondroitin sulfate proteoglycans, and fibronectin, while laminin 

and collagens type III, V and VI are present in lesser quantities [5, 6, 7]. Vascular, 

lymphatic and neural structures are also present in the stromal layer, as in other 

loose connective tissues. 

The basement membrane separating the epithelium and stroma is a mesh 

of fibers produced by both cell types. Basement membrane components pro

duced by epithelium are referred to as the basal lamina. Collagen IV, laminin, 

entactin/nidogen, and heparan sulfate proteoglycans make up the basal lamina pri

marily, but stromal cells may produce small amounts of these products as well [8]. 

Below the basal lamina layer of basement membrane is the the lamina reticularis, 

which' is produced by the stromal cells, and resembles the stromal extracellular 
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matrix. Collagen I, fibronectin and chondroitin sulfate proteoglycans constitute 

the lamina reticularis [9, 10]. 

1.1.2 Communication between Epithelial and Stromal Cells 

Communication between cells could occur via direct contact between cells, through 

changes in attachments to basement membrane, or changes in molecules in the 

cell surface/basement membrane microenvironment. Extracellular matrix (ECM) 

molecules include basement membrane components as well as other matrix molecules 

such as those in the stromal matrix. Basement membrane components may be in

volved in facilitating communication between epithelial and stromal cells through 

intimate connections between basement membrane molecules, other ECM molecules, 

the basal epithelial surface, and the proximal surface of the stromal cells. In or

der to maintain these contacts, ECM components contain sequences which bind 

specifically to cell membrane proteins or regions on other matrix components. For 

instance, laminin binds collagen IV, the cell surface, and heparin [11]. Fibronectin 

binds to cellular receptors called integrins, collagen, heparan sulfate proteoglycans, 

and fibrin [12]. Nidogen binds collagen IV and laminin [13]. 

The presence of a basement membrane in culture as well as the type of ECM 

molecules in the basement membrane can influence morphology and physiology of 

the attached cell. Normal rat hepatocytes maintain mRNA synthesis and stability 

typical to their in vivo tissue state only when both a hormonally defined serum-

free medium and a basement membrane are provided for the cultured cells [14]. 
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Culture of insulinoma cell lines on Matrigel, an artificial basal lamina-like matrix 

isolated from Engelbreth Holm Swarm tumors of mice, improved their production 

of insulin and response to glucose [15]. Mammary epithelium grown on mam

mary basement membrane maintains a 160-fold higher production of casein and 

lactalbumin than cells cultured on plastic [16]. Pulmonary epithelial cells cultured 

on laminin maintained differentiated characteristics, whereas pulmonary epithelial 

cells cultured on fibronectin lost their differentiated state [17]. 

Rat uterine epithelial cells remain polarized (have defined apical and basal 

surfaces like in vivo) when cultured on Matrigel-coated filters. This polarization 

was demonstrated by greater protein secretion from the apical, as compared to 

the basal surface (9:1), and a larger uptake of radioactive methionine from the 

basal, compared to the apical surface (5:1) [4]. Polarized epithelial cells secrete 

from their apical surfaces molecules known to be upregulated by estrogen such 

as prostaglandin F2ck (PGF2a), complement component C3, the secreted portion 

of the IgA receptor, and uterine secretory protein-1 (USP-1) [2, 3, 4]. CAM-105 

is also present on the apical surface of the polarized cells [4]. Uterine epithelial 

cells in these experiments were always cultured in the presence of 17/3 estradiol, 

so the possibility that these secreted proteins could be produced in this culture 

situation without estrogen-stimulation cannot be ruled out. However, the lack 

of production of PGF2e, by non-polarized epithelium cultured in the presence of 

estradiol does confirm that the polarized morphology resulting from culture on 

Matrigel and access to medium through the basal cell surface was necessary for at 



least some physiological conditions of the cell [3]. 

The matrix can alter gene regulation by hormones in vitro in a tissue specific 

manner to recreate a more in vivo-like response [18]. Mammary epithelial cells iso

lated from pregnant or lactating mice and cultured on ECM produce large amounts 

of transferrin mRNA in response to lactogenic hormones as in vivo [16]. Mammary 

epithelium does not show this response to hormones in the medium when cultured 

on plastic. Hormones can also alter the composition of the extracellular matrix 

through stimulating deposition of new matrix molecules or degradation of the old 

matrix molecules. Fibroblasts increase fibronectin biosynthesis and osteoblasts 

increase collagen I biosynthesis in response to glucocorticoids [19, 20] Estriol, 

17,6- estradiol, or interleukin 1,3 stimulated collagenase production by cervical cells 

in culture [21]. Changes in composition of the matrix could in turn alter the 

interactions between epithelial and stromal cells. 

It is unclear how hormonal response is modified by matrix components. Two 

possible mediators are extracellular matrix-induced cell shape change and changes 

in the population of growth factors bound to ECM molecules within the basement 

membrane [18]. Folkman and Moscona demonstrated that cell shape can alter 

proliferation [22]. They cultured different cell lines on coated plastic which created 

varying degrees of adherence by the cells. Several different cell shapes ranging 

between flattened and round resulted, and as the cells became more flattened they 

had a higher incidence of cell division as measured by incorporation of tritiated 

thymidine. Matrix induced shape change and growth factors may have synergistic 
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effects on cells. Corneal epithelium cultured on plastic has a flattened morphology 

and does not increase proliferation in response to epidermal growth factor (EGF), 

but is sensitive to fibroblast growth factor (FGF). When corneal epithelium is 

cultured on collagen which allows a columnar shape to be maintained, the cells do 

not proliferate in response to FGF, but proliferate when EGF is added [23]. 

Extracellular matrix molecules often contain binding sites for growth fac

tors or sequences which themselves can cause growth factor-like effects by binding 

to growth factor receptors. Growth factors effect cell division by causing cells to 

become competent to divide (an early event in GO, or by causing the progression of 

competent cells through G1 from an arrested point [24]. Heparan sulfate proteogly

can chains contain sequences which bind to basic fibroblast growth factor (bFGF), 

albeit -with a lower affinity than that of its dominant cell surface receptor [25]. One 

member of the EGF family, HB-EGF, binds heparin [26]. Glycosaminoglycans iso

lated from the ovary interact or complex with EGF as shown by the co-precipitation 

of angiogenic activity with the glycosaminoglycan fraction [27]. Laminin has been 

shown to contain EGF-like repeats, which can stimulate DNA synthesis only in cell 

lines that contain EGF receptors [28]. Nidogen and the fibronectin receptor have 

also been shown to contain EGF-like repeats [13, 29]. Matrigel has been shown to 

contain bFGF, transforming growth factor-beta (TGF -/3) and tissue plasminogen 

activator (TPA) [25, 30, 31]. There is evidence to suggest that either EGF, TGF-

a, which has similar structure and function to EGF and acts through the EGF 

receptor, or both are present in Matrigel since cultured kidney epithelium form 
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tubules on Matrigel or on protein-stripped Matrigel with either EGF or TGF-a 

added [31]. These observations have been used to suggest that the ECM could 

act as a reservoir for growth factors. Changes produced in the microenvironment 

around the cell including degradation of ECM molecules by the steroid-stimulated 

release of hydrolases from the cell could release growth factors bound to the ECM. 

These growth factors then would be free to bind the higher affinity cell surface 

receptors and facilitate cellular changes such as progression from G, to G1 of the 

cell cycle. 

Epithelial and stromal cells directly contact one another in at least some 

species besides sharing connections to ECM molecules. Transmission electron 

micrographs of human endometrium showed that basilar epithelial projections 

through the basal lamina increased in response to increasing plasma estrogen levels 

during the menstrual cycle. Cytoplasmic projections are sparse during the luteal 

phase, but increase in number and form increased numbers of gap junctions with 

other epithelial processes during the proliferative phase when estrogen is highest. 

These complex projections also connect with stroma cell projections growing up 

through the basal lamina during the mid-proliferative phase [32]. Gap junctions 

allow the passage of chemical or electrical signals between cells, and have been 

implicated in cell communication [33, 34, 35]. Thus there are many possible ways 

for the matrix and/or stroma to communicate with the epithelium; an interaction 

that may be necessary for the epithelial response to estrogen. 
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1.2 The Estrous Cycle in the Laboratory Mouse 

The estrous cycle is the female reproductive cycle in non-primate mammals. It is 

characterized by the remodeling and slight thickening of the uterine endometrium 

so that it can support the implantation and growth of an embryo in the event 

of fertilization during estrus. Growth of the endometrium is due to hypertro

phy (increased cell size due to higher fluid volume of the organ) and hyperplasia 

(increased cell division) of both epithelial and stromal cell layers in response to 

increased estrogen and progesterone. 

The following description of the estrous cycle summarizes the most gener

ally accepted understanding of the process [36, 37, 1, 38]. The estrous cycle is 

controlled by changes in secretion of luteinizing hormone (LH) and follicle stim

ulating hormone (FSH) from the anterior pituitary, which cause changes in the 

plasma levels of estrogen and progesterone secreted by the ovary (Figure 1). Pul

satile releases of luteinizing hormone releasing hormone (LHRH) from the arcuate 

nucleus of the hypothalamus cause the pulsatile release of LH and FSH from the 

anterior pituitary. Several neurotransmitters are involved in the release of LHRH, 

including noradrenergic, dopaminergic, and opioid neuronal networks. The mech

anism of control of LHRH release, and how estrogen contributes by both positive 

and negative control is not fully understood. The release of FSH is also under 

positive control by activin and negative control by inhibin. Inhibin and activin 

are peptide hormones produced by the ovary, and differ only in one of the two 
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peptide subunits from each other. The production of inhibin is probably stimu

lated by gonadotropins. The ovary also produces /3-endorphin, adrenocorticotropin 

hormone (ACTH), a-melanocyte stimulating hormone (a-MSH), vasopressin, and 

oxytocin. However, the physiological role of ovarian peptide hormones is still 

unclear. The release of LH and FSH occurs approximately every hour (70-100 

minutes), and each subsequent pulse contains increasingly larger amounts of LH 

and FSH. The amount of FSH released is approximately half of LH released in 

any pulse. Luteinizing hormone receptors are present on the plasma membranes of 

thecal, granulosa, and stromal cells in the ovary. The binding of LH to its receptor 

activates the enzymes needed to convert cholesterol to progesterone in both cell 

types, and the enzymes necessary to convert progesterone to androstenedione. An

drostenedione in a thecal cell is converted to testosterone, or can be transported to 

a granulosa cell where it is converted to estrone. Testosterone is also transported to 

the granulosa cell where it can be aromatized to 170-estradiol. Aromatase activity 

is stimulated by the binding of FSH to its receptors which are present exclusively 

on granulosa cell membranes. The enzymes responsible for converting cholesterol 

to progesterone in the granulosa cell are also stimulated by FSH. Estrogen causes 

the increase of estrogen receptors in LH responsive cells of the ovary which pro

duce estrogen, therefore, the signal is amplified between diestrus and proestrus and 

estrogen release increases at a higher rate. 

The mouse completes an estrous cycle every four to five days as measured by 

the state of the the vaginal epithelium which can be assessed by flushing the vagina 
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with water or saline and examining the fluid microscopically [39]. The correlation 

between vaginal lavage and the histological state of the uterus and the vagina was 

described in 1922 even though the hormones responsible had not yet been dis

covered [40]. During diestrus the vaginal lavage is dominated by leukocytes, and 

contains only few rounded epithelial cells. The high number of leukocytes in the 

lavage occurs because the cervical epithelium, like the uterine endometrium, is 

thinnest at this stage allowing the leukocytes to infiltrate the epithelium more eas

ily. Plasma progestagen levels are slightly elevated during metestrus and diestrus 

due to progesterone and 20a-dihydroprogesterone secretion from the interstitial 

cells of the ovary [36]. These cells have been referred to as the "permanent corpus 

luteuth" of rodents [41]. As the cycle progresses, the vaginal lavage shows increasing 

numbers of rounded epithelial cells, and by the end of early estrus, the presence of 

cornified epithelial cells. The increase of epithelial cells in the lavage is indicative 

of the estrogen-promoted growth of the epithelial layers of both the vagina and 

uterus [42, 36]. Estrogen also causes the cornification of the vaginal epithelium 

after the stratified squamous epithelium reaches a critical thickness [43, 44, 45]. 

Estrus vaginal lavage contains only cornified epithelial cells. Leukocytes collect in 

the subepithelial zone during metestrus and invade the epithelial layer [40]. The 

reappearance of leukocytes in the lavage occurs in metestrus when degeneration of 

the epithelial layers of the vagina and uterus is taking place. Flakes of the uter

ine luminal epithelium and layers of cornified vaginal epithelium are lost during 

metestrus of each cycle, then replaced during the next cycle through stimulation 



11 

by estrogen. However, the luminal epithelium continues to be present as a layer 

throughout the mouse estrous cycle [46]. 
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Figure 1. Relative changes in the concentrations of estrogen and progestagens during the rat 

estrous cycle and early pregnancy (reproduced from Svalander [47]). 

1.3 Molecular Mechanisms of Steroid Action 

Steroid hormones exert their effects on target cells by binding to specific receptors. 

Immunohistochemical studies have localized progesterone, estrogen, and androgen 

receptors to the cell nucleus even in the absence of hormone [48]. Several studies 

using anti-glucocorticoid receptor antibodies reported glucocorticoid receptors in 

the cell cytoplasm [49, 50, 51, 52]. Another immunohistochemical study showed 

that this cytoplasmic immunoreactivity is due to diffusion of the glucocorticoid 

receptor from the nucleus in the absence of hormone [53]. And recently, another 

immunocytochemical study has localized the unliganded glucocorticoid receptor 
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exclusively to the nucleus in hepatoma cells [54]. Therefore, the glucocorticoid 

receptors are probably also localized to the nucleus regardless of the presence of 

hormones. There are cases where steroids bind to a receptor located on the plasma 

membrane as well. Frog eggs have progesterone receptors on their plasma mem

branes that bind progesterone released from the ovary, and stimulate germinal 

vesicle breakdown and release of the primary oocyte from meiotic arrest [55]. Cor

ticosterone binds to sites on the neuronal cell membrane in the newt brain and 

rapidly suppresses male reproductive behavior [56]. Steroid receptor proteins be

long to a large superfamily of ligand-activated DNA binding transcription effectors 

including the vitamin D3 and vitamin A receptors, Drosophila juvenile hormone 

receptor, thyroid receptor, orphan receptors which are similar in structure to the 

family but do not have identified ligands, as well as the glucocorticoid receptors 

and sex steroid receptors [57, 58]. 

Steroids circulate in the plasma primarily bound to steroid binding pro

teins (SBP). Only 1-2% of testosterone, estrogen, and progesterone are not bound 

to SBP in human blood plasma [59]. Measurements of unbound estrogen in rat 

plasma have shown that the free fraction of estrogen is < 1% in immature rats, 

but rises to 4% at maturity [60]. Originally, the consensus was that steroid 

binding proteins acted as a simple buffer reserve for sex steroid, and the un

bound steroids were the active portion of the hormonal pool [59]. However, 

the bound steroid may be the active fraction. Two types of evidence indicate 

that steroid binding proteins may affect transfer of hormone to the cell: (1) 
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Steroid binding proteins have been detected in cells other than the site of syn

thesis [61, 62, 63, 64]. (2) Membrane specific binding sites for steroid binding 

proteins have been isolated from cell membranes from hyperplastic prostate, de

cidual endometrium, pre-menopausal endometrium, endometrial adenocarcinoma, 

liver, and post-menopausal breast [65, 66, 67]. Two opposite models have been pre

sented to explain these evidence: (1) The model derived from research on prostate 

states that the binding of steroid-SBP to a membrane binding site for SBP in

hibits entry of the steroid into the cell [68]. (2) The model derived from research 

on decidual endometrium states that binding of the steroid-SBP to its binding site 

facilitates steroid transport into the cell [66]. 

The activated steroid-receptor complex binds to the DNA and activates a 

cascade of gene transcription by a well studied series of events. The consensus is 

that steroids enter the cell by diffusion through the plasma membrane and move 

by simple diffusion to the nucleus where they bind the appropriate receptor [58]. 

Some researchers believe that movement through the cytoplasm is facilitated by 

cytoplasmic components. High affinity binding sites for estrogen and testosterone 

were found on the microsomal membranes of rat uterine tissue and ventral prostate, 

respectively [69]. These sites were hypothesized to act as carriers to move steroids 

into the nucleus. 

The unliganded steroid receptor protein exists complexed to several pro

teins including heat-shock proteins 70 and 90, and is unable to bind DNA in this 

state [58]. The biliding of the steroid molecule to the receptor causes dissociation 
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of other proteins and mediates receptor activation through allosteric change in the 

receptor followed by a covalent modification [58]. The trans-activation activity of 

the estrogen receptor is located on the C-terminus of the receptor and becomes 

active only after ligand binding [70]. It is generally accepted that phosphoryla

tion of the receptor by serine and threonine protein kinases (also tyrosine on the 

estrogen receptor) have some role in the final activation of the steroid/receptor 

complex [57, 71]. The receptor/steroid complex dimerizes then binds to enhancer 

sequences called steroid response elements which are located 5' to or within the 

genes that the steroid activates or represses in the cell. These enhancer regions are 

palindromic and contain two half-sites, each of which binds a DNA binding region 

on one of the dimerized receptor proteins through the interaction of the DNA with 

two zinc finger motifs on each receptor. Finger swap experiments have shown that 

the amino terminal zinc finger determines the target gene specificity [57]. Ligand

receptor-complex binding to the DNA activates a cascade of gene transcription 

thought to be brought about by the stabilization of transcription factors situated 

at the promoter of the gene with the bound steroid response element. The stabi

lization could be brought about by unspecific or ubiquitous interactions between 

transcription factors and the hormone receptor [72]. Some of these transcripts 

code for regulatory proteins themselves (early gene products) which activate other 

tissue specific structural genes (late genes) associated with the steroid action. 

Through conventional methods steroids cannot effect changes in cells which 

do not contain receptors. Therefore, autoradiographic or immunohistochemical 
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analysis of tissues, or quantitative assays for the appropriate receptor are com

monly performed to determine whether the cell is able to respond directly to 

steroids. Receptor isolation techniques allow a portion of the estrogen or proges

terone receptors to leak out of the nucleus into the cytoplasmic fraction. Therefore, 

the total number of receptors is usually estimated by adding the number of recep

tors from both fractions together. Sometimes receptors isolated in the nuclear 

fraction are the only receptors measured because such receptors are a better mea

sure of those that are biologically active and closely associated with the chromatin 

at the time of extraction. 

When two or more steroid hormones are accessible to cells, there can be syn

ergistic responses by cells which are different from the response to each individual 

hormone. For instance, when ovariectomized mice injected daily with three doses 

of progesterone before injection of a single dose of estradiol, the number of mitoses 

in the uterine stromal cells increase dramatically (1.4 +0.2 to 143.0 +17.3 stromal 

mitoses per uterine section) [73]. Without progesterone priming mitoses increase 

slightly above untreated controls (0.2 ±0.2 to 4.5 +1.1 stromal mitoses per uterine 

section). Administration of a large dose of dexamethasone 20-25 minutes prior 

to estrogen injection inhibits estradiol induced uterine weight gain [74]. Dexam

ethasone administration at various times after estradiol injection also reduced long 

term growth in the uterus [74]. Through studies measuring the quantity of nuclear-

bound, receptor-estrogen complexes and the baseline rates of proliferation, it has 

been hypothesized that the effect of dexamethasone on proliferation is indirect and 
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actually affects estrogen-independent proliferation [75, 74]. Hydrocortisone is less 

potent than dexamethasone, however, hydrocortisone may decrease the baseline 

level of cell division in cultures where it is a medium supplement. Hydrocortisone 

is a common additive to serum-free medium, and glucocorticoid-receptor binding 

can cause the upregulation of the glucocorticoid receptor in stimulated cells [76]. 

Also, the location of a high-affinity progesterone-binding site on the glucocorticoid 

receptor was discovered and characterized in AtT-20 cells [77]. So the amount 

of progesterone binding to the glucocorticoid receptor may also be increased by 

the regular addition of hydrocortisone to the media, and make measurements of 

progesterone action based solely on progesterone receptor extraction and analysis 

less accurate. 

1.4 Estrogen and Progesterone Action in the Endometrium 

Estrogen and progesterone cause endometrial cells to undergo hypertrophy, hyper

plasia, initiate gene activation for a number of molecules, and increases vascular

ization of the endometrium following the release of estrogen-induced chemotactic 

factors which cause neutrophil infiltration of the stroma. Progesterone's primary 

target is the stroma, however, it also acts to decrease some estrogenic effects in the 

epithelium [78]. Estrogen's primary target is the epithelium where it causes upreg

ulation of steroid receptors, stimulates transcription of many growth factors, their 

receptors, proto-oncogene products, cell surface molecules and secretory products 
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in rodents [78, 79, 80, 81, 82, 83, 84, 85]. 

Estrogenic responses are grouped into early and late effects. Early responses 

include imbibition of water and increases in blood flow resulting in hypertrophy, 

glucose oxidation, lipid synthesis, RNA polymerase activity, incorporation of nu

cleotide precursors into RNA, incorporation of amino acids into proteins, and tran

scription and translation of oncogene products including some growth factors and 

their receptors. These events occur 1-6 hours after estrogen treatment. Early 

responses can be induced by weak estrogens such as estriol and estrone. These 

estrogens have a lower affinity for the estrogen receptor than 17,3-estradiol, and 

are retained in the nucleus less than six hours. Late responses include hyperplasia, 

continued stimulation of polymerase activity, and increases in DNA and protein 

synthesis. Estrogen must be retained in the nucleus for 6-8 hours for the late re

sponses to occur. Strong estrogens such as 170-estradiol or the synthetic estrogen 

diethylstilbestrol stimulate late effects. A single dose of estriol or estrone cannot 

stimulate late effects ordinarily. However, if the dose of estriol or estrone is large 

enough or administered multiple times , then the hormone continues to occupy the 

receptor and late effects can be stimulated. Estrone can also be converted into 

17/3 estradiol, which can initiate late responses. Estrone is a more potent stim

ulator of proliferation in the mouse uterine epithelium than estriol [86], inducing 

approximately 60% of the proliferative response, and 80% of the RNA transcription 

that 170-estradiol stimulates [87, 88]. Estriol is more efficient at inducing protein 

synthesis than estrone [89]. It stimulates hyperplasia in the mouse uterine epithe
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lium , but does not protect against apoptosis as 17/3-estradiol does [90]. Some of 

the relative potencies of estriol and estrone may be due to the differences in the 

vehicles (saline or oil) in which the hormones were dissolved and injected [91]. Di

ethylstilbestrol and 17/3-estradiol are the estrogens most commonly used recently, 

since they elicit all the estrogenic responses strongly in vivo. 

The earliest noted transcriptional regulation by estrogen is an increase in 

proto-oncogene products which act as transcription activators themselves. These 

include c-fos, c-myc, c-jun, jun-B, jun-D and H-ras [92, 82, 93]. Maximal increases 

in mRNA of the fos and jun family occur three hours after 17/3- estradiol stim

ulation. These products are the primary constituents of the AP-1 transcription 

activator, which could be involved in promoting the G, to G1 transition causing 

quiescent cells to enter mitosis, or in promoting a number of other gene functions. 

Jun-B can act as a negative regulator of c-jun, so that AP-1 may perform dif

ferent functions if levels of its constituents are altered [94, 95]. C-fos, c-jun and 

c-myc can also be regulated by tissue plasminogen activator in the endometrium, 

showing that non-steroidal activation may compete with steroidally induced acti

vation to provide cross-talk between estrogen and other factors in the endometrial 

environment [94]. 

Other early responses include stimulation of growth factors and their re

ceptors. Estrogen has been shown to stimulate EGF, insulin-like growth fac

tor (IGF), their receptors, TGF -/3, and colony stimulating factor-1 (CSF-1) in the 

endometrium. Both EGF and IGF stimulation can cause hyperplasia. Epidermal 
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growth factor stimulated cell division in cultured endometrial cells was inhibited 

by concurrent treatment with the antiestrogen, hydroxytamoxifen [80]. Basic fi

broblast growth factor has also been shown to be present in the basal lamina and 

matrix of the rodent uterus, but the amount does not change during the estrous 

cycle [96]. 

The different early responses may work as part of a cascade to induce late 

responses to estrogen. Estrogen stimulation of growth factors or their receptors, 

and correlations between proto-oncogene expression and growth factor expression 

have been shown in other cell and organ types. Estrogen induction of DNA synthe

sis has been shown to be mediated by TGF-0 in rat granulosa cells in culture [97]. 

Transforming growth factor-fi stimulates the production of the extracellular ma

trix components: collagen, fibronectin, integrin, tenascin, and proteoglycans [98]. 

It can also inhibit or stimulate cell division depending on cell type and cell lo

cation [99]. The varying effects which TGF-0 can initiate, and the fact that it 

is stimulated by estrogen in the endometrium make it a possible mediator of at 

least some of the diverse responses of the endometrium to estrogen during estrous 

cycling and preparation for pregnancy. The growth factors that are induced by 

estrogen themselves induce "estrogenic" type responses. EGF stimulates tissue 

plasminogen activator mRNA in rat granulosa cells. EGF, IGF-1 and cyclic AMP 

upregulate progesterone receptors in cultured endometrial cells, all of which can 

be prevented by the addition of antiestrogens (ICI 164,384, tamoxifen,and 4-0H

tamoxifen). Elevated TGF-#1 and 3 are associated with ras and myc increases in 
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reconstituted mouse prostate [100]. 

Estrogen also induces changes in cell surface and secretory products. Changes 

in cell surface molecules may influence cell interactions with other cells and the 

basement membrane. Changes in association with basement membrane molecules 

can facilitate migration, cell cycling, or other processes such as differentiation. 

Estradiol also increases the basally expressed syndecan, which binds cells to col

lagens and fibronectin, and integrin, the receptors for collagen, fibronectin, and 

laminin respectively [101, 102, 103]. Estrogen stimulates the turnover of heparan 

sulfate proteoglycan (HSPG) chains on the luminal surface of the epithelium [104], 

and the production of uterine secretory protein-1 (USP-1) in rodents [85]. 

Effects of estrogen on the lipid metabolism of the rat uterus in vivo were 

noted as early as 1972 [105]. Estrogen stimulates the incorporation of tritiated 

inositol into inositol phospholipids and the breakdown of phosphatidylinositol into 

inositol polyphosphates in vivo in the mouse uterine epithelium [106, 107]. These 

effects occur 6-9 hours after injection of the hormone and have been blocked by 

antiestrogen or progesterone treatment, so it is unlikely that they are the result 

of non-traditional estrogen action pathways [108, 107]. Because this phospholipid 

turnover occurs before the onset of estrogen-induced DNA synthesis, membrane 

signal transduction may have some role in the stimulation of cell division by es

trogen. 
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1.5 Estrogen and Cell Cycling in the Mouse Endometrium 

Estrogen was first described as the factor which initiated estrus and as a "stimu

lator of mitoses in special tissues" [109]. Allen and Doisy described the extraction 

and partial purification of "theelin" from ovine liquor folliculi in 1923 [109]. In

jection of this preparation into ovariectomized mice or rats stimulated estrus, as 

measured by vaginal lavage and histological examination of the uterus and vagina. 

Injection of "theelin" into a variety of strains of ovariectomized mice produced in

creased numbers of mitoses in the epithelia of the uterus, vagina, and breast [42]. 

Allen described the increase in mitoses as a "true hyperplasia" because the number 

of mitoses was unusually high for the tissue and a significant amount of new tissue 

was produced [42]. 

The number of mitoses in the luminal epithelium of ovariectomized mice 

treated with estradiol was higher than in ovariectomized controls, and increased 

as the dosage of estradiol increased [73]. A single injection of 0.1 pg of estradiol 

per mouse increased the mean number of mitoses per 5 am section of uterine horn 

from zero to 50. Doses as high as 2.5 ,ug were injected, but could not increase the 

mean number of mitoses any higher than 65 per section. The number of mitoses in 

the epithelium also increased in a time dependent manner after estrogen injection. 

The number of mitoses began to increase at 12 hours, reached a maximum near 24 

hours, and did not decrease to control levels until after 30 hours post-injection [42, 

110, 86]. These investigations utilized colchicine to block all mitoses two hours 
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before the death and histological examination of the animal. 

For over 50 years it has been known that the cells of the uterus maintain a 

low level of cell division. The number of mitoses in one 10 it section of mouse uterine 

horn varies from 0.3% to 4% during the estrous cycle [111]. The DNA content of 

the uterus also remains relatively constant with the lowest content occurring at 

diestrus as measured by incorporation of radioactive phosphate [111]. Most studies 

of cell division in the uterus use some way of enhancing these numbers by labeling 

S-phase or blocking cytokinesis with colchicine or colcemid. It is also necessary 

to address the responses of the different cell types of the uterus separately. A 

large increase in cell division in the epithelium appears as a very small change in 

the entire uterus if it is the only tissue responding to the stimulus because the 

epithelium only constitutes 5-10% of the uterus by mass [112]. 

The establishment of estrogen as a stimulator of cell division initiated re

search on how estrogen affected the cell cycle. The DNA content of the uterus 

of the estrogen- treated ovariectomized mouse did not change appreciably, but the 

RNA content increased with estrogen treatment [113]. The nuclear volume of the 

uterine epithelial cells increased cyclically during the estrous cycle with a peak vol

ume during metestrus, approximately 24 hours after the estrogen peak in the cycle 

indicating that changes in nuclear volume are within the time of estrogen stim

ulated events [114, 111]. These data led Salvatore to propose that estrogen was 

responsible for the replication of the genome, and that DNA replication may not 

always be immediately followed by mitosis [115]. Later experiments showed that 
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after DNA was synthesized, the cell would continue through mitosis and divide 

because the amount of DNA per cell did not change according to the photoelectric 

density of the Feu lgen reaction of the uterine cell nuclei [116]. Therefore, each 

round of DNA synthesis must be followed by mitosis without the cell entering 

a quiescent period in G2. Bullough suggested that estrogen stimulated mitoses 

through the activation of the glucokinase pathway and subsequent flow of energy 

into the cell allowing the synthesis of DNA followed by mitosis [117]. This assumed 

that a large population of uterine epithelial cells were ready to enter S-phase when 

the cell energy increased. Swann maintained that this was an unlikely mecha

nism of estrogen action in tissues with low mitotic indices, such as the uterus, and 

that instead estrogen caused a switch in the cell metabolism to one that preferred 

synthesis of DNA and proteins necessary for mitosis [118]. 

Interest in how a hormone affects the different stages of the cell cycle fueled 

research about the cell cycle in unstimulated and stimulated epithelial and stromal 

cells. Injection of ovariectomized mice with estrone did not shorten mitosis, but did 

decrease the length of interphase in the uterine epithelial cells [110]. The average 

lengths of the cell.cycles were estimated for luminal and glandular epithelial cells 

to be 270 hours and 156 hours, respectively [119]. Das stated, however, that 

the cell cycle was much too variable to obtain an accurate estimate, but that 

he could conclude that estrogen shortened the overall cycle time [119]. Other 

estimates of the length of the epithelial cell cycle have ranged from 82 to 757 

hours, to illustrate the extent of the variation possible [110, 120, 87, 121, 122, 123]. 
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Since Alfert had shown that G2 was not appreciably long, it was probable that 

Gi and/or S-phase was shortened by estrogen to cause the decrease in the cycle 

length [116]. Estimates of the mean length of S-phase and G1 varied considerably 

between researchers. This was attributed to differences in the type of estrogen 

used, strain of mouse used, and method used to determine to the lengths of the 

cell cycle stages [119]. Estimates of the mean length of S-phase in the unstimulated 

epithelial cell varied from 5 to 10.5 hours, and in the estrogen-stimulated cell from 

2.2 to 7.7 hours [110, 120, 87, 121, 122, 119, 124]. Each report demonstrated 

that the mean time of S-phase was decreased by estrogen-treatment. This was 

most likely due to the elimination of longer S-phases in unstimulated cells, rather 

than an overall shortening of S-phase in each cell because labeled mitosis curves 

generated in the method of Quastler and Sherman showed that the length of S-

phase in unstimulated cells varied and the length of S-phase in estrogen-treated 

cells did not [125, 119, 110]. Quastler and Sherman labeled mouse intestinal cells 

with tritiated thymidine and plotted the percent of labeled mitoses at varying 

times after labeling, then used equations for the kinetics of the cellular population 

to estimate cell cycle duration and stage length in the different cell types present 

in the examined tissue [125]. They state that if the descending and ascending 

limbs of the curve have different slopes, then the length of S-phase is variable. The 

reported mean length of G1 in unstimulated cells was not reported with confidence 

because it varied so widely, but estrogen appeared to shorten G1 [123, 124, 87, 121, 

119, 110, 120, 126]. Smith and Martin later hypothesized that estrogen stimulated 
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proliferation by increasing the probability that any epithelial cell would become 

committed to one round of cell division [127], and this committment would result 

in the shortening of G1. 

Although most literature states that estrogen only appreciably stimulates 

cell division in the uterine epithelium, a closer examination shows that a small 

amount (1/10 to 1/4 of the stimulation in the epithelium) of cell division is stim

ulated in the stroma by injection of estrogen alone into ovariectomized mice. The 

number of stromal cells increased from 15 to 20 x 102 at 24 hours after estradiol 

injection [86]. The mean number of stromal mitoses increased from 0.2 ±0.2 to 

4.5 +1.1 per section 24 h after a single injection of estradiol [73]. Ovariectomized 

mice that were injected with [14C]lysine and estradiol showed that the total pro

tein increased in the stroma half as much as the total protein in the epithelium. 

Also, increases in acidic nuclear proteins and histones occurred to a lesser degree 

in the stroma at the same time as increases occurred in the epithelium [128]. If the 

ovariectomized mouse was first primed with three daily injections of progesterone 

then a single injection caused a synchronized entry of stromal cells into S-phase 

then mitosis for one round of cell division [73]. 

Estrogen may act on the epithelium by first inducing changes in the un

derlying stroma. Estrogen does not initiate a proliferative response (measured by 

3H-thymidine incorporation) in uterine epithelial cells cultured apart from stroma 

with or without a basement membrane. Increases in hypertrophy, protein synthe

sis, and secretion can be shown in uterine epithelium cultured on collagen, Matrigel 
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or nitrocellulose filters coated with Matrigel [4, 3]. However, the possibility that 

the response when cultured on Matrigel may be due at least in part to the pres

ence of growth factors sequestered in Matrigel has not been ruled out [25, 30, 31]. 

There was one attempt to ascertain whether estrogen administered to cocultured 

epithelium and stroma caused increased proliferation in the epithelium by mea

suring incorporation of tritiated thymidine. The total thymidine incorporation for 

the culture increased in the presence of estrogen, though the amount attributable 

to stroma could not be identified [129]. Estrogen receptors do not appear in 

C57BL/J6 mouse uterine epithelial cells until the fifth or sixth day after birth, 

but estrogen administered on the second day after birth, when estrogen receptors 

are present only in the nuclei of stromal cells, does cause epithelial cell prolifer

ation [130, 131]. There is also in vivo evidence indicating stromal-epithelial cell 

contact may be necessary for steroidogenic effects in the epithelia of other or

gans including prostate, seminiferous tubule, vagina and cervix [112]. All of this 

evidence taken together strongly suggests that interaction between stroma and 

epithelium may be necessary for the estrogen-induced proliferation of the uterine 

epithelium in vivo. 
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Chapter 2 

Estradio1-170 Stimulates Hyperplasia of both
Uterine Epithelial and Stromal Cells in

Coculture, but not in Separate Culture in
Serum-free Defined Medium

2.1 Abstract 

There is indirect evidence that the in vivo proliferative response of uterine ep

ithelium to estradiol in rodents requires interaction with the underlying stroma 

during development, before sexual maturity and at adulthood. To examine this 

potential requirement directly, the proliferative response of epithelium to estro

gen in the presence of stroma was carried out in vitro. Uterine epithelial and 

stromal cells were isolated separately from immature or adult mice, and were 

maintained as monocultures or cocultures in defined, serum-free medium with or 

without 8 x 10' M 17,3-estradiol. To measure proliferation, the incorporation of 

BrdU into the cell's DNA during three hours of labeling was assayed in individual 
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cells by immunolabeling of incorporated 5-bromo-2-deoxyuridine. Immunolabeling 

of cytokeratin and cell morphology were used to distinguish epithelial from stromal 

cells. Treatment of cocultures with estradiol for 24 hours increased the prolifer

ation of epithelial and stromal cells relative to controls (1.5- to 4-fold and up to 

2-fold, respectively), whereas, in monocultures of epithelial or stromal cells estra

diol decreased thenumber of BrdU-incorporating cells (50% and 20% of controls, 

respectively). The epithelial cells within a coculture were catagorized according 

to the type of cells with which they maintained physical contacts. Approximately 

80% of the epithelial cells that responded to estradiol were touching both stromal 

and other epithelial cells. These results demonstrate that stromal cells mediate 

the estrogenic proliferative response in vitro, and that this mediation requires cell 

contact or stroma-mediated changes in the microenvironment immediately around 

the epithelial cell. 

2.2 Introduction 

For over 50 years it has been known that estrogen stimulates increased cell di

vision, or hyperplasia, in the mouse uterine epithelium in vivo [42]. However, it 

is still unclear whether estrogen acts directly on the epithelium through its own 

receptors or requires interactions with the underlying stromal cells. It has been 

well documented that 17/3-estradiol administered to ovariectomized or immature 

rodents in vivo causes hyperplasia of the epithelium [42, 73, 86], hypertrophy [86], 
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and increased vascularization of the endometrium [132, 91]. Estrogen also in

duces transcriptional activation of genes encoding the progesterone receptor [79], 

estrogen receptor [133], a number of growth factors and their receptors [92, 134], 

enzymes [135, 136, 137, 138, 139, 140, 141, 142, 143, 144], cell surface and secretory 

molecUles [85, 47, 104, 145, 146, 147, 3, 148], and proto-oncogene products thought 

to be involved in mediating other estrogenic responses [92, 93]. 

Recently evidence has accumulated that implicates several growth factors 

and oncogene products as intermediates in estrogen action in several tissues. In 

cultured endometrium, EGF stimulated increased levels of progesterone receptors 

in epithelial cells, and was inhibited by anti-estrogen treatment [80]. An antibody 

specific to EGF inhibited estrogen-induced growth and differentiation of the mouse 

uterus and vagina in vivo [149]. Administration of EGF prevented indomethacin

induced inhibition of estriol-induced embryo implantation in the mouse [150]. 

Treatment of cultured rat granulosa cells with a neutralizing antibody to TGF-0 

inhibited estrogen-induced DNA synthesis [97]. Estradiol increased the amount of 

TGF -,6 in rat pituitary tumors that were growth-inhibited by estradiol, but did 

not change TGF-# levels in tumors that were insensitive to estradiol [151]. Es

trogen may also initiate some of its effects through non-genomic mediators. The 

inositol triphosphate signal transduction system was maximally activated in the 

mouse uterine epithelium six hours after injection of either diethylstilbesterol or 

17/3-estradiol [106, 107, 108]. This increase in phosphoinositide turnover was in

hibited by the administration of anti-estrogens or progesterone [106, 108]. 



30 

Hyperplasia is a late response to estrogen, and occurs within a distinct range 

of time after stimulation. Mitoses begin to increase 12 hours after estrogen injection 

with the peak stimulation of cell division occurring at 24 hours and decreasing by 

30 to 36 hours after estrogen administration in vivo [73]. Several peptide growth 

factors and proto-oncogene products that are upregulated by estrogen can also 

induce cell division, including IGF-I [134], EGF [149], Fos, Myc, and the Jun 

family [95]. All of this evidence taken together suggests that the stimulation of 

cell division by estrogen is likely to result from a complex mechanism involving at 

least some of these intermediates. 

Culture of primary isolated cells from the endometrium is an ideal method 

for examining the mechanism of estrogen action without the complex interactions 

that exist in vivo. However, estrogen does not stimulate uterine [152], mam

mary [153], or vaginal [154] epithelial cell division when cultured as epithelial 

monolayers on plastic. Estrogen also does not increase proliferation of vaginal or 

uterine epithelium cultured on collagen or Matrigel, an artificial basement mem

brane prepared from Engelbreth Holm Swarm sarcoma of mice [155, 156, 4]. Impli

cation of stroma as an intermediate in the induction of proliferation in epithelium 

was shown when uterine or vaginal epithelium were recombined with stroma in a 

collagen gel and grown under the kidney capsule in mice; the epithelium responded 

to estrogen by increased cell division [157]. An attempt to duplicate this interaction 

using mouse uterine epithelial and stromal cells cocultured on tissue culture plastic 

in the absence of the complex humoral milieu of the intact mouse showed an overall 
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increase in thymidine incorporation in response to estradiol [129]. Unfortunately, 

no attempt was made to exclude the possibility that the increased incorporation in

cluded or was due exclusively to stromal cells. Thus, despite considerable indirect 

evidence suggesting that stroma mediates the hyperplastic response of epithelium 

to estradiol, the question still has not been rigorously tested. 

We have investigated this question using primary isolated mouse uterine 

epithelial and stromal cells cocultured or cultured separately. The proliferative 

response of morphologically and immunocytochemically identified stromal and ep

ithelial cells to estradiol was directly observed by the visualization of 5-bromo-2

deoxyuridine incorporated into in nucleus during DNA.synthesis. We confirm that 

epithelial cells require interaction with stromal cells for this response and that pro

liferation in the interacting stromal cells is also enhanced by physiological levels of 

17,3-estradiol. We also demonstrate by analysis of specific cell groupings that the 

response requires either physical contact or short range signals between epithelial 

and stromal cells. 

2.3 Materials and Methods 

2.3.1 Materials 

DMEM/F12 mixture was purchased from Gibco (Grand Island, NY). Tissue cul

ture supplements, 170-estradiol, trypsin, pancreatin V, collagenase IV, extravidin, 

and 2,3 diaminobenzidine were purchased from Sigma (St. Louis, MO). Polyclonal 
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Cytokeratin Immunostaining Kit was purchased from BioGenex (San Ramon, CA). 

Monoclonal antibody against 5-bromo-2-deoxyuridine was purchased from DAKO 

Corporation (Carpenteria, CA). Anti-mouse IgG conjugated to biotin was pur

chased from Vector (Burlingame, CA). The chromogen 4-chloro-l-naphthol was 

purchased from BioRad (Richmond, CA). 

2.3.2 Animals 

Immature and 6-week old female CF-1 mice were purchased from Charles River 

Laboratories (Wilmington, MA) or bred and raised in the facility at this university. 

Mature CF-1 females (6 weeks old) were staged for early estrus of the estrous cycle 

by vaginal lavage [39], and sacrificed by cervical dislocation immediately before 

each experiment. Immature females were sacrificed between 21 and 25 days after 

birth. Animals were maintained by the University Laboratory Animal Resources 

staff in accordance with NIH guidelines and fed ad libitum. 

2.3.3 Cell Culture 

Uteri were cleaned of fat and mesometrium then slit open longitudinally and cut 

into four pieces. Uteri were washed with Hanks' Balanced Salt Solution (BSS) 

followed by calcium- and magnesium-free BSS (CMF). Epithelial cell flakes were 

isolated by trypsin and pancreatin digestion as before [158]. After removal of the 

epithelium, uteri were incubated in CMF for 20 minutes then triturated gently 

with a wide bore pipette before removing the stroma to decrease the amount of 
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epithelium contaminating the stromal fraction. Stromal cells were loosened from 

the uteri by digestion with 2.5 mg/ml collagenase for one hour at room temperature 

with gentle shaking on a rotary shaker. After the collagenase was removed, the 

uteri were triturated gently in plating medium with a wide-bore pipette to remove 

cells. The stromal cells were washed twice in plating medium then counted for 

plating. 

The epithelial cell suspension was counted in a hemacytometer, however, 

the densities were used only as estimations for plating since these were not single 

cell suspensions and the number of cells per flake was estimated. An estimated 

plating density between 100 and 200 cells/min' was used for cultures. Actual cell 

densities were determined at the time of fixation of the cultures. Stromal cell 

suspensions were counted by hemacytometer and plated at the same densities as 

the epithelial cells. Cocultures were prepared by allowing epithelium to attach for 

24 hours then adding an equal number of stromal cells to the culture, as previ

ously described [129]. Stromal cells used for cocultures were plated into a 25 cm' 

culture flask after the cell isolation and removed from the flask the following day 

by trypsinization then recounted in the presence of Trypan blue before replating. 

Cells were grown on glass coverslips in 35 mm culture dishes to facilitate easy re

moval of culture for immunocytochemistry. Cultures used for growth curves were 

plated directly into 35 mm culture dishes. 

All cultures were maintained at 37°C in a humidified chamber with 5% 

carbon dioxide and 95% air in a defined, serum-free maintenance medium con
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sisting of DMEM/F-12 mixture supplemented with insulin (5pg/m1), transferrin 

(10 µg /ml), hydrocortisone (10-6M), essentially globin free BSA (2mg /ml), peni

cillin(100 IU /ml) and streptomycin (0.1mg/m1). Plating medium also contained 

fetuin (1mg/m1) and was replaced at 24 hours with maintenance medium. Cultures 

were maintained for four days with daily medium changes to eliminate the possi

bility of depletion of the medium additives. Steroids were first dissolved in ethanol 

then diluted to the appropriate concentration in medium, with the concentration 

of ethanol never exceeding 0.1% in the culture medium. Cultures were incubated 

with 0.01 M 5-bromo-2-deoxyuridine (BrdU) for 3 hours to label proliferating cells. 

The labeling medium was replaced with medium containing 10-4M thymidine for 

one hour before fixation to remove unincorporated BrdU from the cell cytoplasm 

and decrease background staining during immunocytochemistry. 

2.3.4 Immunocytochemical Staining 

Cultures on coverslips were sequentially immunostained for BrdU and for the ep

ithelial cell marker, cytokeratin. All incubations were performed at room temper

ature unless otherwise specified. Covers lips containing cultures were removed from 

culture dishes, rinsed in BSS, and fixed for 15 minutes in 100% methanol at 4°C. 

After fixation coverslips were incubated for one hour at 37°C in 2 N HCI to denature 

the DNA, then neutralized with two rinses of borate buffer followed by PBS (pH = 

7.4). Covers lips were incubated in horse serum diluted in PBS to block nonspecific 

binding. A mouse monoclonal antibody to BrdU was applied and incubated for 
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one hour at 37°C. Afterward coverslips were incubated for 20 minutes each with bi

otinylated antibody against mouse immunoglobulin then Extravidin conjugated to 

peroxidase. Covers lips were washed twice with PBS between antibody incubations 

to remove un-bound antibody from the coverslips. The antibody against BrdU 

was visualized using the chromogen 2,4-diamino benzidine (DAB) which produced 

a brown precipitate in nucei containing DNA that had incorporated BrdU. Follow

ing immunostaining for BrdU, the cultures were immunostained for cytokeratin 

according to the procedure outlined in the manufacturers' directions. The anti

cytokeratin was visualized by the chromogen 4-chloro-l-Naphthol which forms a 

blue precipitate. Precipitated DAB inhibits local peroxidase activity [159, 160], so 

that the 4-chloro-l-naphthol precipitates specific to areas where anti-cytokeratin 

binds as long as the DAB background remains low. If the DAB background is 

high all of the peroxidase activity is inhibited and none of the 4-chloro-l-naphthol 

precipitates. Initially primary or secondary antibodies were replaced with diluted 

serum or PBS to determine background staining. Both PBS and serum produced 

the same results, therefore, PBS replaced for the primary antibodies was used as 

the control for each subsequent experiment. 

2.3.5 Gathering and Analysis of Data 

A glass reticle etched with a 0.6 mm2 grid hatch-marked into 100 square fields was 

used to count cells. A starting point within the immunostained area was chosen 

at random, and neighboring fields were counted as in the method of counting cells 
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on blood smears [161]. The number of fields counted on each slide was used to 

determine the cell density of each slide. Counting continued until 2000 cells had 

been counted for each slide and catagorized according to cell type, the presence of 

incorporated BrdU, and the cell types each cell was physically contacting. 

One-tailed simple sign tests [162] were used to test the hypothesis that 

estrogen-treatment of cocultured cells increased the number of labeled cells per 

the total cells counted from a treatment group, and the hypothesis that estrogen-

treatment of monocultured cells decreased the number of labeled cells per the 

total cells counted from a treatment group. Cell count data was also analyzed 

graphically. 

2.4 Results 

2.4.1. Growth and Purity of Cultures 

Epithelial cells were dislodged from the luminal surface of the uterus in flakes 

that maintained their cellular junctions during the isolation and culture proce

dures. Typically, central cells in the flake were more rounded, and divided more 

frequently than the flattened cells on the periphery. Cells isolated from adult mice 

that were initially associated as flakes at plating often separated from one another 

during culture and formed loosely attached groups (see Figure 2). These cells 

maintained a polygonal shape and size similar to cells on the periphery of conven

tional epithelial flakes and maintained some cell contacts to their nearest neighbors 
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through thin, stretched cytoplasmic processes. These cells divided more often than 

cells in typical flakes. It is likely that the increased proliferation resulted from the 

loss of contact inhibition as the cells separated from one another. Immunostaining 

for the localization of a polyclonal antibody to human cytokeratin showed that all 

of these cells contained cytokeratin, however, they were less immunoreactive to the 

anti-cytokeratin than cells in typical flakes which were similarly flattened. 

The baseline growth rates of epithelial and stromal cells at various densities 

were estimated by continuous observation of marked areas in cultures maintained 

in a defined, serum-free medium on tissue culture plastic. The number of cells 

in a randomly chosen 0.175 mm2 area on the culture dish was counted 12 hours 

after plating. This area was then marked and monitored during six days of culture 

at 12 hour intervals (see Figure 3). Epithelial flakes required up to 24 hours to 

orient their basal surface downward and attach to the culture substrate, therefore, 

24-hour cultures were used to assess the number of cells successfully plated. 

Epithelial cells isolated from the uteri of immature mice grew better and 

were more predictable than cells isolated from adult mice. A summary of the 

proliferation rate for cell densities at 24 hours after plating is included in Table 1. 

Optimal densities spanned a large range especially for epithelial cells isolated from 

immature mice. 
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Figure 2. Epithelium isolated from adult mice in early estrus after three days of culture. Cultures 

were labeled with BrdU three hours before fixation, then double immunolabeled for cytokeratin 

(at arrow) and BrdU (at arrowhead and throughout the flake). Phase contrast (a,c) and bright 

field (b,d) photographs of the same field are included to highlight both cell morphology and 

immunostaining. Note that the cells in the upper portion of the photo (a,b) are separated from 

one another and maintain a higher rate of proliferation than the cells in the typical epithelial flake 

in the lower portion of the photo. Also, the cytoplasmic stain for anti-cytokeratin is less intense 

in the cells that constitute the separated flake. Only the typical epithelial flake morphology was 

present in cultures of cells isolated from immature mice. An epithelial culture incubated with 

PBS in place of anti-BrdU and anti-cytokeratin is included (c,d) to demonstrate background 

staining. x 344. 



39 

Epithelium 

1250 1250 

A 
1000 1000 

N 

750- 750

Tn500- 500

250- 250

I I 1 1 10 0 
1 2 3 4 5 6 0 1 2 3 4 5 6 

days days 

Stroma 

1250 1250 
D

1000 1000
N 

750 750
E

500a500.) 

250- 250

0 I i t 0 I I 

0 1 2 3 4 5 6 0 1 2 3 4 5 6 

days days 

Figure 3. Growth of epithelium and stroma in serum-free culture. Cultures were maintained 

in a defined, serum-free medium for six days. The number of cells was recorded every 12 hours 

for several areas in each culture. A summary of the growth rates of epithelium isolated from 

immature mice (A) or adult mice in early estrus (B), and stroma isolated from immature mice 

(C) or adult mice in early estrus (D) plated at varying densities is shown. Each line represents 

the averaged growth of several areas that had similar starting densities. Each point is the 

average number of cells/mm2 from at least three areas. Bars represent +S.E. Points without 

bars represent less than three observations. Note that cells isolated from immature mice (graphs 

on the left) increase in number during six days of culture. Whereas, the cells isolated from adult 

mice (graphs on the right) maintain their culture density or double once during the six days. 
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Table 1. Growth rates of uterine cells cultured in a defined, serum-free medium. Numbers 

represent the density (cells /mm2) at 24 hours after plating. 

. Cell type 

Rate of Epithelium Epithelium Stroma Stroma 

Proliferation Immature Adult Immature Adult 

no significant doubling < 2 < 25 < 14 < 20 

doubling time 1-3 days 3-100 27-150 60-100 60-100 

rapid division then decline > 120 > 80 

In preliminary experiments (not shown), the purity of stromal and epithe

lial monocultures was observed by comparing immunostaining for cytokeratin and 

vimentin. As expected, stromal cells did react selectively with antibodies against 

vimentin, but not. with anti-cytokeratin. Epithelial cells reacted selectively with 

anti-cytokeratin, but not anti-vimentin. The purity of the epithelial and stromal 

monocultures is described in Figure 4. Occasionally epithelial flakes were observed 

in stromal cultures. If stromal cells contaminated epithelial cultures, they were 

usually associated with each other as groups or whorls. The stromal cells which 

formed whorls in culture were not fibroblastic in appearance, and were proba

bly myeloid-derived cells from the uterine stroma. Epithelial cells isolated from 

adult mice were contaminated with stromal cells more frequently than epithelium 

from immature mice. Yet stromal contamination was never higher than 4% in 

any epithelial monoculture (see Figure 4). Although the epithelial contamination 
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of stromal monocultures occasionally reached as high as 20%, the percentage of 

epithelial cells which contacted stromal cells in these cultures was always less than 

1%. Epithelial and stromal cells isolated from either immature or adult mice were 

observed during 6 days to determine baseline division at various densities (see Fig

ure 3). In all experiments only specifically identified cells were used in calculations. 

100% < 3% < 20%
<8% < 14% < 3% cn 

(1) < 4%
75 % < 5% 

O 

O < 1%
,,,c) 50% < 1% 

- < 1%

< 1%

T..125% 

Immature Adult Immature Adult 
Epithelium Stromal 

Figure 4. The purity of uterine cell monocultures. The bars represent all of the monocultures 

pf epithelial and stroinal cells. They are divided into fractions representing the percent of the 

population that contained each level of contamination of the other cell type. Numbers inside of 

the bars indicate the percentage of contaminating cell type present in each fraction. 

A coculture response, determined by at least a doubling of proliferating cells 

in E2-treated cultures, was observed only when the minor cell type constituted at 
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least 25% of the total cell population in the coculture. Three quarters of stromal 

cultures isolated from adult mice ranged between 190 and 400 cells/mm2 at fixa

tion, and 80% of the stromal cultures isolated from immature mice ranged between 

60 and 600 cells/mm2 at fixation. Whether they were isolated from immature or 

adult mice, 67% of the epithelial cultures ranged between 90 and 430 cells/mm2. In

cluding both cell types, 80% of the cocultures were between 100 and 475 cells/mm2 

at the time of fixation. 

2.4.2 Effects of Steroid Treatment on Proliferation 

Epithelial proliferation increased significantly in cocultures treated with 8 x 10' 

M 170-estradiol for 24 hours. Proliferation of the stromal cells within the cocul

tures also increased in response to treatment with 17/3-estradiol, but to a lesser 

degree (see Figures 5, 6 and 7). The fraction of cocultured epithelial cells from im

mature mice incorporating BrdU increased by 1.5-fold, while those from adult mice 

in early estrus showed a 4-fold increase. Experiments involving cells isolated from 

adult mice showed more variability, most likely resulting from the different pop

ulations of epithelial cell flakes which made up most cultures as well as the more 

variable plating densities and growth rates observed in cultures of cells isolated 

from adult mice. The number of cocultured immature stromal cells that incorpo

rated BrdU increased 2-fold above the control with estrogen treatment. Stromal 

cells isolated from both immature or adult mice increased proliferation in response 

to estrogen-treatment in coculture with the variability again higher in cells isolated 



43 

from adult mice. Estrogen stimulated proliferation of stroma cells only when they 

were cocultured with epithelium. Thus, it appears that the stromal-epithelial in

teraction that is required for estrogen-induced epithelial proliferation is reciprocal. 

Although proliferation was stimulated in cocultured stromal cells less than 

in epithelial cells, stromal cells accounted for the majority of the cells that incor

porated BrdU in each coculture. The number of BrdU-labeled stromal cells ranged 

between 60 and 230 per thousand cells, for experiment densities other than those 

with less than 40 cells/mm2 or greater than 900 cells/mm2. Epithelial cells ranged 

between only 5 and 60 labeled cells per thousand cells consistently. 

Cells within the cocultures differed by the types of cell-cell contacts they 

maintained at the time of treatment and fixation of the culture. When the pop

ulation of cells counted for each coculture was divided into groups of cells that 

maintained the same types of cell-cell contacts, the estrogen-stimulated increase of 

proliferation in immature epithelial cells occurred in approximately 80% of epithe

lial cells which physically contacted both epithelial and stromal cells (see Figures 8 

and 9). Similar results were obtained when the stromal cell population was grouped 

according to their. cell-cell contacts. However, the response of stromal cells that 

physically contacted both epithelium and stroma to estradiol was more variable. 

This group of stromal cells appeared to be divided into one group that increased 

proliferation with estrogen-treatment and one group that remained near control 

levels of proliferation (see Figures 8 and 9). This type of variability may indicate 

that other factors within this culture system could have affected the response of 
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these stromal cells to estradiol. 

Treatment of either epithelial or stromal monocultures with 8 x 10' M 17/3 

estradiol for 24 hours suppressed proliferation (see Figures 10 and 11). The number 

of labeled nuclei in monocultures of either immature epithelium or stroma treated 

with 8 x 10' M 17,3-estradiol were 50% and 20% lower than non-treated control 

cultures, respectively. Estrogen inhibited monocultured epithelium and stroma 

isolated from adult mice by 20% and 50%, respectively. A similar suppression 

of proliferation by estrogen was recently reported for mouse uterine epithelium 

cultured on Matrigel or collagen substrates [156]. 

The estradiol-stimulated increase in the incorporation of BrdU in cocultures 

was inhibited by treating the cocultures concurrently with either 1.8 x 10' M or 

1.8 x 10' M tamoxifen (see Figure 12), a weak antiestrogen shown to inhibit 

estrogen-stimulated upregulation of progesterone receptors in cultured mouse en

dometrial cells [163]. Treatment of cocultures with tamoxifen alone did not 

reduce or increase the proliferation of either cell type, so subsequent controls for 

these experiments were treated with tamoxifen alone. 
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Figure 5. Changes in proliferation in response to estrogen-treatment of monocultures and co

cultures of uterine cells isolated from immature mice. The amount that proliferation increased 

or decreased from the control was determined by dividing the number of cells that incorporated 

BrdU per 1000 cells in the estrogen-treated culture by the number of cells that incorporated 

BrdU per 1000 cells in its parallel control culture (.). The amount of control proliferation is 

represented by 1 on the y-axis. The bars represent the median increase or decrease of prolifera

tion from the control cultures. Cells from the same isolation were plated for paired control and 

estrogen-treated cultures in each experiment. There were at least 10 cell isolations per group. 

Increases in proliferation of epithelial cells (P = 0.002) and stromal cells (P = 0.0899) within 

cocultures treated with estradiol were analysed by one-tailed simple sign tests. The same method 

was used to analyze the suppression of proliferation in estradiol-treated epithelial monocultures 

(P = 0.0547) and stromal monocultures (P = 0.017). 
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Figure 6. Estrogen-induced changes in proliferation of monocultured and cocultured uterine 

cells isolated from adult mice in early estrus. Experiments were conducted in the same manner 

as explained for cells isolated from immature mice in the legend to Figure 5. The bars represent 

the median of the fold-change in proliferation as compared to the parallel control cultures. The 

fold-change in proliferation for each experiment is shown (). Paired estrogen-treated and control 

cultures were from the same cell isolation, and there were at least 10 cell isolations per group. 

The level of control proliferation is represented as 1 on the y-axis. 
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Figure 7. Estrogen-induced proliferation of cocultured endometrial cells isolated from immature 

mice. Cultures were maintained in control serum-free medium (a,b) or treated with 8 x 10-9 M 

17)3-estradiol (c,d), then labeled with BrdU three hours before fixation. They were double im

munolabeled for anti-BrdU (arrow) and anti-cytokeratin (at arrowhead and throughout flake) 

(a,b). Phase contrast (left) and bright field (right) pictures of the same field are included to 

highlight both cell morphology and immunostaining. x 344. 
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Figure 8. Estrogen-induced proliferation of cocultured uterine cells isolated from immature 

mice and grouped according to their cell-cell interactions within the culture. The number of 

proliferating cells per thousand in each estradiol-treated culture was divided by the number 

of proliferating cells per thousand in each parallel control culture (.). The bars represent the 

median for each group. In order to determine whether direct contact effected estrogen stimulation 

of proliferation, all cells counted in the cocultures were grouped accordingly: epithelial cells with 

no contacts (E), epithelial cells touching other epithelial cells (EE), epithelial cells touching only 

stromal cells (ES), epithelial cells contacting both cell types (E-ES), stromal cells with no contacts 

(S), stromal cells touching other stromal cells (SS), stromal cells touching only epithelial cells 

(SE), and stromal cells contacting both cell types (S-ES). Note that the largest estrogen-induced 

increase in proliferation is in the group of epithelial cells directly contacting both other epithelial 

cells and stromal cells. 
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Figure 9. Estrogen-induced proliferation of uterine cells isolated from adult mice in coculture 

grouped according to their cell-cell interactions within the culture. The number of proliferating 

cells per thousand in each estradiol-treated culture was divided by the number of proliferating cells 

per thousand in each parallel control culture (). The control level of proliferation is represented 

as 1 on the y-axis. The bars represent the median for each group. In order to determine whether 

direct contact effected estrogen stimulation of proliferation, all cells counted in the cocultures 

were grouped accordingly: epithelial cells with no contacts (E), epithelial cells touching other 

epithelial cells (EE), epithelial cells touching only stromal cells (ES), epithelial cells contacting 

both cell types (E-ES), stromal cells with no contacts (5), stromal cells touching other stromal 

cells (SS), stromal cells touching only epithelial cells (SE), and stromal cells contacting both 

cell types (S-ES). Note that the variation is higher for cells isolated from adult mice than cells 

isolated from immature mice (Figure 8), however, similar trends are apparent. The increased 

proportion of estrogen-stimulated proliferation in epithelial cells not contacting stromal cells 

probably resulted from the presence of separated flakes in these cultures. 
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Figure 10. The estrogen-induced suppression of proliferation in monocultured uterine epithelial 

cells isolated from immature mice. Epithelial monocultures were maintained in control serum-free 

medium (a,b) or treated with 8 x 10-9 M 17,3-estradiol (c,d), then labeled three hours with BrdU 

before fixation. Cultures were double-immunolabeled for anti-BrdU (arrow) and anti-cytokeratin 

(at arrowhead and throughout flake) (a,b). Epithelium treated with 17,3-estradiol shows de

creased proliferation from the control culture in these similarly sized epithelial flakes. Phase 

contrast (left) and bright field (right) pictures of the same field are included to highlight both 

cell morphology and immunostaining. x 422. 
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Figure 11. The estrogen-induced suppression in proliferation of monocultured uterine stromal 

cells isolated from immature mice. Stromal monocultures were maintained in control serum-free 

medium (e,f) or treated with 8 x 10-9 M 17/3-estradiol (g,h), then labeled three hours with BrdU 

before fixation. Cultures were double-immunolabeled for anti-BrdU (arrow) and anti-cytokeratin 

(no immunoreactivity). Treatment of stromal monocultures with 17[3-estradiol reduced the pro

liferation of the stromal cells, although this is not readily apparent from examining the cultures 

visually. Phase contrast (left) and bright field (right) pictures of the same field are included to 

highlight cell morphology and immunostaining. x 422. 
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Figure 12. Tamoxifen inhibited estrogen-induced proliferation in cocultured stromal and ep

ithelial cells. The number of proliferating cells per thousand in the estradiol-treated or estradiol

and tamoxifen-treated culture was divided by the number of proliferating cells per thousand in 

the parallel control culture treated with tamoxifen alone. The control level of proliferation is 

represented as 1 on the y-axis. The bars representing uterine cells isolated from immature mice 

include only one experiment. The bars representing uterine cells isolated from adult mice show 

the mean of two experiments. 
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2.5 Discussion

Through direct examination of cell morphology and BrdU incorporation during 

culture in a defined, serum-free medium, we have shown that estrogen increases 

the proliferation of epithelial cells only when they are cocultured with stromal cells. 

While in vivo studies in ovariectomized and immature mice have shown that prolif

eration increases dramatically in response to estrogen [73], there is still debate as to 

whether estrogen exerts this effect directly through binding to estrogen receptors 

within the uterine epithelium or via some kind of stromal mediation. Neonatal mice 

injected with 17/9- estradiol prior to the presence of estrogen receptors in the uter

ine epithelium showed increased epithelial proliferation and secretory activity in 

response to estrogen [130]. Estrogen receptors are not present in the mouse uterine 

epithelium until 3-5 days after birth depending on the strain of mouse [131, 130], 

but stromal cells contain estrogen receptors during uterine development, sexual 

immaturity, and adulthood in rodents [164]. The uterine epithelial cells should 

not have been able to respond to estrogen stimulation in these experiments if 

estrogen acts on the epithelium through its own estrogen receptors. Epithelial 

and stromal tissues were isolated from ovariectomized adult mice, recombined in 

collagen, then transplanted under the kidney capsule of adult female mice. The 

epithelium in these implants proliferated in response to estrogen rises during the 

estrous cycle [157]. These experiments were all performed in vivo where the cells 

still had access to plasma-borne hormones and growth factors, and the possibility 
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that endocrine-acting factors in the plasma were affecting the epithelium could not 

be excluded. 

Estrogen has never been shown to increase the proliferation of mouse uter

ine epithelium cultured alone on plastic or on various matrices [4, 156, 152]. How

ever, uterine epithelium cultured on substrates, including Matrigel (an artificial 

basal lamina produced by Engelbreth Holmes Swarm Sarcoma cells), collagen, 

or Matrigel-coated filters does respond to estrogen by hypertrophy and increased 

production of various proteins that are known to be stimulated by estrogen in 

vivo [4]. Hypertrophy [91] and increased production of specific estrogen-inducible 

proteins [165] are known to occur more quickly after estrogen stimulation in vivo 

than the onset of increased DNA replication and cell division [73, 86]. These ex

periments provide evidence that estrogen exerts some effects on the epithelial cell 

directly through binding to the epithelial estrogen receptors, but that the stimu

lation.of proliferation requires a more complex series of events, probably involving 

the stroma. 

We have demonstrated that in addition to the stimulation of epithelial pro

liferation by estradiol in epithelial-stromal cocultures stromal cells are also stimu

lated, albeit to a lesser extent. In vivo experiments measuring changes in tritiated 

thymidine incorporation, mitoses, nuclear volume, tritiated cytidine incorporation 

into RNA, and nucleolar volume have also shown slight stimulation of the stroma 

24 hours after estrogen injection into ovariectomized mice without progesterone 

priming [111, 86, 110, 73]. However, the epithelium makes up only 5-10% of the 

http:lation.of
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uterus by mass, whereas the stroma makes up 30-35% of the uterus [112], there

fore, measurements of estrogen-induced incorporation of tritiated thymidine into 

the whole uterus, whole endometrium, or cocultured stroma and epithelium [129] 

is not representative of the response of epithelium alone. The accurate measure

ment of the estrogen-induced proliferative response in uterine cells requires that 

proliferating cell types be identified specifically. 

We found that the proliferation of stromal and epithelial cells cultured sep

arately was suppressed by treatment with estrogen. This was also recently shown 

for mouse uterine epithelium cultured on plastic, collagen, or Matrigel substrates 

by measuring BrdU incorporation [156]. There are a number of possible expla

nations for this reduction. Fukamachi and McLachlan hypothesized that estrogen 

protected the cultured epithelial cells against apoptosis (programmed cell death), 

and this resulted in a slower division rate and fewer cells detaching from the sub

strate [156]. However, they did not measure detached cells or cell death directly 

in these cultures. It is also possible that estrogen shifts the cell's physiology away 

from one preparing for cell division, and towards one that emphasizes the produc

tion of estrogen-induced proteins and secretory products unrelated to cell division. 

Increased protein production is stimulated by estrogen in monolayer cultures of 

epi thelium. 

We have shown that epithelial cells maintaining physical contacts to both 

epithelial and stromal cells in coculture constitute the majority of the cells stimu

lated to proliferate in the presence of estradiol in vitro. Using transmission electron 
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microscopy, epithelial projections through the basement membrane that connect to 

stromal cells and other epithelial cells via gap junctions have been shown to increase 

following the increasing concentration of circulating estrogen during the menstrual 

cycle in human endometrium [32]. The number of gap junctions on these processes 

also increase with increasing plasma estrogen levels, indicating that increased corn

muncation between stromal and epithelial cells and between epithelial cells may 

result during estrogen stimulation. Taken together this evidence supports the hy

pothesis that direct contact is required for stromal mediation of estrogen action on 

epithelial proliferation in the uterus. Alternatively, stromal cells may be secreting 

short-lived epithelial proliferation factors into the area immediately surrounding 

the epithelial cell in response to estrogen action in the stroma. A possible mecha

nism for such factors may be gene derepression. If genes required for cell division 

are being constitutively repressed without stromal cell intervention in response to 

estrogen, the stromal cell, could release factors that remove this repression. One 

experiment examining the effect of stromal-conditioned medium on epithelial cells 

did not result in a difference in proliferation between estrogen treated and control 

cultures [129]. However, the possibility that a short-lived factor is released from the 

stroma and requires close contact between stromal and epithelial cells still could 

not be ruled out. The short-lived factor could influence epithelial cells directly, as 

a growth factor, or alter the extracellular matrix, as a matrix-degrading enzyme, 

to cause the movement of growth factors bound to ECM molecules to the higher 

affinity epithelial cell surface receptors. The factor may also act directly on the 
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epithelial cell to alter its interaction with the matrix through regulating the cell 

surface matrix receptors which could cause the epithelial cell to change shape and 

alter cell proliferation [166, 18, 22]. 

Previous whole animal or organ culture studies have implicated the stroma 

as a mediator of estrogen-induced proliferation of epithelium [167, for a review]. 

However, the only attempt to directly examine the role of isolated stromal cells in 

estradiol-induced epithelial cell proliferation was ambiguous because no attempt 

was made to identify responding cell types [129]. The present work demonstrates 

for the first time by direct examination of responsive cell types in vitro, that uter

ine epithelial cells require close association with stromal cells for a proliferative 

response to estradiol. Furthermore, the interaction between epithelial and stromal 

cells appears to be reciprocal in that stromal proliferation in response to estradiol 

also requires association with epithelial cells. The results provide strong evidence 

for either direct stromal-epithelial contact or the release of short-lived factors from 

the stroma that act only within the very short distances between these two inti

mately associated cell populations. 



58 

BIBLIOGRAPHY

[1] Wynn RM and Jo llie WP, editors. Biology of the Uterus. Plenum Publishing Corporation, 
second edition, 1989. 

[2] Glasser SR, Julian J, Decker GL, Tang J, and Carson DD. Development of morphological 
and functional polarity in primary cultures of immature rat uterine epithelial cells. J. Cell 
Biol., 1097:2409 -2423, 1988. 

[3] Jacobs AL, Decker GL, Glasser SR, Julian J, and Carson DD. Vectorial secretion of 
prostaglandins by polarized rodent uterine epithelial cells. Endocrinology, 126:2125-2136, 
1990. 

[4] Julian J, Carson DD, and Glasser SR. Polarized rat uterine epithelium in vitro: Constitu
tive expression of estrogen-induced proteins. Endocrinology, 130:79 -87, 1992. 

[5] Abedin MZ, Ayad S, and Weiss JB. Isolation and characterisation of cysteine-rich collagens 
from bovine placental tissues and uterus and their relationship to types IV and V collagens. 
Biosci. Rep., 2:493 -502, 1982. 

[6] Scott JE and Haigh M. Proteoglycan-type I collagen fibril interactions in bone and non-
calcifying connective tissues. Biosci. Rep., 5:71 -82, 1985. 

[7] Glasser SR, Lampe lo S, Munir MI, and Julian J. Expression of desmin, laminin and 
fibronectin during in situ differentaition (decidualisation) of rat uterine stromal cells. Dif
ferentiation, 35:132 -142, 1987. 

[8] Martin GR and Timpl R. Laminin and other basement membrane components. Ann. Rev. 
Cell Biol., 3:57 -85, 1987. 

[9] Hay ED, editor. Cell biology of extracellular matrix. Plenum, 1981. Pages 1-4. 

[10] Furcht LT. Structure and function of the adhesive glycoprotein fibronectin. Modern Cell 
Biology, 1:53 -117, 1983. 

[11] Sasaki M, Kato S, Kohno K, Martin GR, and Yamada Y. Sequence of the cDNA encoding 
the laminin B1 chain reveals a multidomain protein containing cysteine-rich repeats. Proc. 
Natl. Acad. Sci. USA, 84:935 -939, 1987. 



59 

[12] Yamada KM, Hayashi M, Hirano H, and Akiyama SK. Fibronectin and cell surface inter
actions. In The role of extracellular matrix in development, pages 89-121. Alan R. Liss, 
Inc., 1984. 

[13] Mann K, Deutzmann R, Aumailley M, Timpl R, Raimondi L, Yamada Y, Pan T, Conway 
D, and Chu M. Amino acid sequence of mouse nidogen, a multidomain basement membrane 
protein with binding activity for laminin, collagen IV and cells. The EMBO Journal, 8:65
72, 1989. 

[14] Reid LM. Stem cell biology, hormone/matrix synergies and liver differentiation. Curr. 
Opin. Cell Biol., 2:121, 1990. 

[15] Muschel R, Khoury G, and Reid LM. Regulation of insulin mRNA abundance and adeny
lation: Dependence on hormones and matrix substrata. Am. Soc. Micro., 6:337-341, 
1986. 

[16] Blum JL, Zeigler ME, and Wicha MS. Regulation of mammary differentiation by the 
extracellular matrix. Environ. Health Perspect, 80:71, 1989. 

[17] Rannels GE and Rannels SR. Influence of the extracellular matrix on type 2 cell differen
tiation. Chest, 96:165, 1989. 

[18] Getzenberg RH, Pienta KJ, and Coffey DS. The tissue matrix: cell dynamics and hormone 
action. Endocrine Reviews., 11(3):399-417, 1990. 

[19] Oliver N. Molecular mechanism of glucocorticoid enhanced fibronectin gene expression. 
Collagen Rel. Res., 6:440, 1986. 

[20] Lash JW and Vasan NS. Somite chondrogenesis in vitro stimulatio.n by exogenous extra-
cellular matrix components. Dev. Biol., 66:151-171, 1978. 

[21] Rajabi M, Solomon S, and Poole AR. Hormonal regulation of interstitial collagenase in 
the uterine cervix of the pregnant guinea pig. Endocrinology, 128:863-871, 1991. 

[22] Folkman J and Moscona A. Role of cell shape in growth control. Nature, 273:345-349, 
1978. 

[23] Gospodarowicz D, Greenburg G, and Birdwell CR. Determination of cellular shape by the 
extracellular matrix and its correlation with the control of cellular growth. Cancer Res., 
38:4155-4171, 1978. 

[24] Cross M and Dexter TM. Growth factors in development, transformation, and tumorige
nesis. Cell, 64:271-280, 1991. 

[25] Vigny M, Oilier- Hartmann MP, Lavigne M, Fayein N, Jeanny JC, Laurent M, and Courtois 
Y. Specific binding of basic fibroblast growth factor to basement membrane-like structures 



60 

and to purified heparan sulfate proteoglycan of the EHS tumor. J. Cell. Phys., 137:321 
328, 1988. 

[26] Higashiyama S, Abraham JA, Miller J, Fiddes JC, and Klagsbrun M. A heparin-binding 
growth factor secreted by macrophage-like cells that is related to EGF. Science, 251:936 
939, 1991. 

[27] Sato E, Tanaka T, Takeya T, Miyamoto H, and Koide SS. Ovarian glycosaminoglycans 
potentiate angiogenic activity of epidermal growth factor in mice. Endocrinology, 128:2402
2406, 1991. 

[28] Panayotou G, End P, Aumailley M, Timpl R, and Engel J. Domains of laminin with 
growth-factor activity. Cell, 56:93-101, 1989. 

[29] Nermut MV, Green NM, Eason P, Yamada SS, and Yamada KM. Electron microscopy and 
structural model of human fibronectin receptor. The EMBO Journal, 7:4093-4099, 1988. 

[30] McGuire PG and Seeds NW. The interaction of plasminogen activator with a reconsti
tuted basement membrane matrix and extracellular macromolecules produced by cultured 
epithelial cells. J. Cell. Biochem., 40:215-227, 1989. 

[31] Taub M, Wang Y, Szczesny TM, and Kleinman HK. Epidermal growth factor or transform
ing growth factor a is required for kidney tubulogenesis in matrigel cultures in serum-free 
medium. Proc. Natl. Acad. Sci., 87:4002-4006, 1990. 

[32] Roberts DK, Walker NJ, and Lavia LA. Ultrastructure evidence of stromal/epithelial 
interactions in the human endometrial cycle. Am. J. Obstet. Gynecol., 158(4):854-861, 
1988. 

[33] Pitts JD and Finbow ME. The gap junction. J. Cell Sci. Suppl., 4:239-266, 1986. 

[34] Bennett M and Spray D, editors. Gap junctions. Cold Spring Harbor Laboratory, 1985. 

[35] Loewenstein WR. The cell-to-cell channel of gap junctions. Cell, 48:725-726, 1987. 

[36] Norris DO. Vertebrate endocrinology. Lea and Febiger, 1980. Pages 354-355. 

[37] Griffin JE and Ojeda SR. Textbook of endocrine physiology. Oxford University Press, 1988. 
Pages 129-164. 

[38] Bolander FF. Molecular endocrinolgy. Academic Press, Inc., 1989. 

[39] Rugh R. The mouse. Oxford University Press, 1990. Pages 38-40. 

[40] Allen E. The oestrous cycle in the mouse. Am. J. Anat., 30:297-371, 1922. 



61 

[41] Short RV. Role of hormones in sex cycles. In Reproduction in mammals, pages 42-72. 
Cambridge University Press, 1972. 

[42] Allen E, Smith GM, and Gardner WU. Accentuation of the growth effect of theelin on 
genital tissues of the ovariectomized nouse by arrest of mitosis with colchicine. Am. J. 
Anat., 61:321-341, 1937. 

[43] Husbands ME and Walker BE. Differentiation of vaginal epithelium in mice given estrogen 
and thymidine -3H. Anat. Rec., 147:187, 1963. 

[44] Baker ET and Walker BE. Initiation of irreversible differentiation in vaginal epithelium. 
Anat. Rec., 154:149, 1966. 

[45] Galand P and Vandenhende J. Early steps in estradiol-induced vaginal cornification in 
spayed mice: kinetic study with 3H- thymidine. Anat. Rec., 176:455, 1973. 

[46] Fuxe K and Nilsson 0. The mouse uterine surface epithelium during the estrous cycle. 
Anat. Rec., 145:541-548, 1963. 

[47] Svalander PC, Odin P, Nilsson BO, and Obrink B. Expression of cell CAM-105 in the 
apical surface of rat uterine epithelium is controlled by ovarian steroid hormones. J. 

Reprod. Fert., 88:213-221, 1990. 

[48] Carson-Jurica MA, Schrader WT, and O'Malley BW. Steroid receptor family: Structure 
and functions. Endocrine Review, 11:210-220, 1990. 

[49] Wikstrom AC, Bakke 0, Okret S, Bronnegard M, and Gustafsson JA. Intracelluar lo
calization of the glucocorticoid receptor: evidence for cyplasmic and nuclear localization. 
Endocrinology, 120:1232, 1987. 

[50] Fuxe K, Harfstrand A, Agnati LF, Yu ZY, Cintra A, Wikstrom AC, Okret S, Cantoni 
E, and Gustafsson JA. Immunocytochemical studies on the localization of glucocorticoid 
receptor immunoreactive neurons in the paraventricular hypothalamic nucleus of the rat. 
Neurosci. Lett., 54:147, 1985. 

[51] Antakly T, Th6mpson EB, and ODonnell D. Demonstration of the intracellular localization 
and up-regulation of glucocorticoid receptor by in situ hybridization and immunocytochem
istry. Cancer Res., 49[Suppl]:2230s, 1989. 

[52] Qi M, Hamilton BJ, and DeFranco D. v-mos oncoproteins affect the nuclear retention and 
re-utilization of glucocorticoid receptors. Mol Endocrinol., 3:1279, 1989. 

[53] Gasc JM, Delahaye F, and Baulieu EE. Compared intracellular localization of the gluco
corticosteroid and progesterone receptors: an immunocytochemical study. Exp. Cell Res., 
181:492, 1989. 



62 

[54] Brink M, Humbel BM, De Kloet ER, and Van Driel R. The unliganded glucocorticoid 
receptor is localized in the nucleus, not in the cytoplasm. Endocrinology, 130:3575-3581, 
1992. 

[55] Gilbert SF. Developmental Biology. Sinauer Associates, Inc., 1988. Pages 792-794. 

[56] Orchinik M, Murray TF, and Moore FL. A corticosteroid receptor in neuronal membranes. 
Science, 252:1848 -1851, 1991. 

[57] Beato M. Gene regulation by steroid hormones. Cell, 56:335 -344, 1989. 

[58] O'Malley BW and Tsai M-J. Molecular pathways of steroid receptor action. Biol. Reprod., 
46:163 -167, 1992. 

[59] Einer-Jensen N. A new method for measurements of plasma protein steroid-binding kinetics 
in human plasma at 37 C. Steroids, 54:195 -215, 1989. 

[60] Greenstein BD. Effects of rat a-fetoprotein administration on estradiol free fraction, the on
set of puberty, and neural and uterine nuclear estrogen receptors. Endocrinology, 130:3184 
3190,1992. 

[61] Bordin S and Petra PH. Immunocytochemical localization of the sex 'steroid- binding protein 
of plasma in tissues of the adult monkey. Proc. Nat. Acad. Sci. U.S.A., 77:5678-5682, 
1980. 

[62] Tardivel-Lacombe J, Egloff M, Mazabraud A, and Degrelle H. Immunohistochemical de
tection of the sex steroid-binding plasma protein in human mammary carcinoma cells. 
Biochem. Biophys. Res. Commun., 118:488 -494, 1984. 

[63] Mercier-Bodard C, Radanyi C, Roux C, Groyer MT, Robel P, Dadoune JP, Petra PH, Jolly 
DJ, and Baulieu EE. Cellular distribution and hormonal regulation of h-SBP in human 
hepatoma cels. J. Steroid Biochem., 27:297 -307, 1987. 

[64] Sinnecker G, Hiort 0, Kwan PWL, and DeLellis RA. Immunohistochemical localization if 
sex hormone-binding globulin in normal and noeplastic breast tissue. Horm. Metab. Res., 
22:47 -50, 1990. 

[65] Hryb DJ, Khan MS, and Rosner W. Testosterone-estradiol binding globulin binds to human 
prostate cell membranes. Biochem. Biophys. Res. Commun., 128:432 -440, 1985. 

[66] Strel'chyonok OA, Avvakumov GV, and Survilo LI. A recognition system for sex-hormone
binding protein-estradiol complex in human decidual endometrium plsam membranes. 
Biochim. Biophys. Acta, 802:459 -466, 1984. 

[67] Frairia R, Fortunati N, Berta L, Fazzari A, Fissore F, and Gaidano G. Sex steroid binding 
protein (SBP) receptors in estrogen sensitive tissues. J. Steroid Biochem, 40:805-812, 
1991. 



63 

[68] Rosner W. The functions of corticosteroid-binding globulin and sex-hormone-binding glob
ulin: recent advances. Endocrine Rev., 11:80 -91, 1990. 

[69] Muldoon TG, Watson GII, Evans AC Jr, and Steinsapir J. Microsomal receptor for steroid 
hormones: Functional implications for nuclear activity. J. Steroid Biochem, 30:23-31, 
1988. 

[70] Kumar V, Green S, Stack G, Berry M, Jin JR, and Chambon P. Functional domains of 
the human estrogen receptor. Cell, 51:941 -951, 1987. 

[71] Auricchio F. Phosphorylation of steroid receptors. J. Steroid Biochem., 32:613 -622, 1989. 

[72] Ptashne M. How eukaryotic transcriptional activators work. Nature, 335:683 -689, 1988. 

[73] Martin L and Finn CA. Hormonal regulation of cell division in epithelial and connective 
tissue of the mouse uterus. J. Endocr., 41:363 -371, 1968. 

[74] Campbell PS. The mechanism of the inhibition of uterotrophic responses by acute dexam
ethasone pretreatment. Endocrinology, 103:716 -723, 1978. 

[75] Bigsby RM and Cunha GR. Progesterone and dexamethasone inhibition of uterine epithe
lial proliferation in two models of estrogen-independent growth. Am. J. Obstet. Gynecol., 
158:646-650,1988. 

[76] McEwen BS, DeKloet ER, and Rostene W. Adrenal steroid receptors and actions in the 
nervous system. Physiolog. Rev., 66(4):1121 -1188, 1986. 

[77] Svec F, Teubner V, and Tate D. Location of the second steroid-binding site on the gluco
corticoid receptor. Endocrinology, 125(6):3103 -3108, 1989. 

[78] Sumida C, Lecerf F, and Pasqualini JR. Control of progesterone receptors in fetal uterine 
cells in culture: Effect of estradiol, progestins, antiestrogens and growth factors. En
docrinology, 122(3), 1988. 

[79] Ennis BW and Stumpf WE. Differential induction of progestin-binding sites in uterine cell 
types by estrogen and antiestrogen. Endrocrinology, 123(4):1747 -1753, 1988. 

[80] Sumida C and Pasqualini JR. Antiestrogens antagonize the stimulatory effect of epidermal 
growth factor on the induction of progesterone receptor in fetal uterine cells in culture. 
Endocrinology, 124(2):591-597,1989. 

[81] DiAugustine RP, Petrusz P, Bell GI, Brown CF, Korach KS, McLachlan JA, and Teng CT. 
Influence of estrogens on mouse uterine epidermal growth precursor protein and messenger 
ribonucleic acid. Endocrinology, 122(6):2355 -2363, 1988. 



64 

[82] Loose-Mitchell DS, Chiappetta C, and Stancel GM. Estrogen regulation of c-fos messenger 
ribonucleic acid. Endocrinology, 2(10):946-951,1988. 

[83] Weisz A, Cicatiello L, Persico E, Sca lona M, and Bresciani F. Estrogen stimulates tran
scription of c-jun protooncogene. Mol. Endocrinology, 4:1041 -1050, 1990. 

[84] Huet-Hudson Y, Andrews GK, and Dey SK. Cell type-specific localization of c-Myc protein 
in the mouse uterus: Modulation by steroid hormones and analysis of the periimplantation 
period. Endocrinology, 125(3):1683-1690,1989. 

[85] Takeda A. Progesterone and antiprogesterone (RU 38486) modulation of estrogen-inducible 
glycoprotein (USP-1) synthesis and secretion in rat uterine epithelial cells. Endocrinology, 
122:1559 -1564, 1988. 

[86] Martin L, Finn CA, and Trinder G. Hypertrophy and hyperplasia in the mouse uterus 
after oestrogen treatment: An autoradiographic study. J. Endocr., 56:133 -144, 1973. 

[87] Martin L and Finn CA. Oestrogen-gestagen interactions on mitosis in target tissues. In 
Basic actions of sex steroids on target organs, pages 172-188. Basel: Karger, 1971. 

[88] Miller BG. The relative potencies of oestriol, oestradiol and oestrone on the uterus and 
vagina of the mouse. J. Endocr., 43:563 -570, 1969. 

[89] Ruh TS, Katzenellenbogen BS, Katzenellenbogen JA, and Gorski J. Estrone interaction 
with the rat uterus: In vitro response and nuclear uptake. Endocrinology, 92:125-134, 
1973. 

[90] Martin L, Pollard JW, and Fagg B. Oestriol, oestradio1-17/3 and the proliferation and 
death of uterine cells. J. Endocr., 69:103 -115, 1976. 

[91] Szego CM and Roberts S. Steroid action and interaction in uterine metabolism. Rec. 

Prog. Hormone Res., 8:419 -469, 1953. 

[92] Simmen FA and Simmen RCM. Peptide growth factors and proto-oncogenes in mammalian 
conceptus development. Biol. Reprod., 44:1 -5, 1991. 

[93] Chiappetta C, Kirkland JL, Loose-Mitchel DS, Murthy L, and Stancel GM. Estrogen 
regulates expression of the jun family of protooncogenes in the uterus. J. Steroid Biochem., 
41:113-123,1992. 

[94] Chiu R, Angel R, and Karin M. Jun-B differs in its biological properties from, and is a 
negative regulator of, c-Jun. Cell, 59:979 -986, 1989. 

[95] Ryseck R-P, Hirai SI, Yaniv M, and Bravo R. Transcriptional activation of c-jun during 
the Go/G1 transition in mouse fibroblasts. Nature, 334:535 -537, 1988. 



65 

[96] Wordinger RJ, Moss AE, Chang I-FC, and Jackson T. Changes in the immunolocalization
of bFGF in the mouse endometrium during implantation. Ann. N.Y. Acad. Sci., 638:491
493, 1991.

[97] Bendell JJ and Dorrington J. Estradio1-17# stimulates DNA synthesis in rat granulosa
cells: Action mediated by transforming growth factor -/3. Endocrinology, 128:2663-2665,
1991.

[98] Barnard JA, Lyons RM, and Moses HL. The cell biology of transforming growth factor /3.
Biochim. Biophys. Acta, 1032:79-87, 1990.

[99] Lyons RM and Moses HL. Transforming growth factors and the regulation of cell prolifer
ation. Eur. J. Biochem., 187:467-473, 1990.

[100] Merz VW, Miller GJ, Krebs T, Timme TL, Kadmon D, Park SH, Egawa S, Scardino PT, 
and Thompson TC. Elevated transforming growth factor-#1 and #3 mRNA levels are 
associated with ras myc-induced carcinomas in reconstituted mouse prostate: Evidence 
for a paracrine role during progression. Mol. Endocrin., 5:503-513, 1991. 

[101] Koda JE, Rapraeger A, and Bernfield M. Heparan sulfate proteoglycans from mouse 
mammary epithelial cells: Cell surface proteoglycan as a receptor for interstitial collagens. 
J. Biol. Chem., 260:8157-8162, 1985. 

[102] Saunders S and Bernfield M. Cell surface proteoglycan binds mouse mammary epithelial 
cells to fibronectin and behaves as an interstitial matrix receptor. J. Cell Biol., 108:1547
1556, 1988. 

[103] Potter SW and Morris JE. Changes in histochemical distribution of cell surface heparan 
sulfate proteoglycan in mouse uterus during the estrous cycle and early pregnancy. The 

Anat. Rec., 1992. in press. 

[104] Morris JE, Potter SW, and Gaza-Bulseco G. Estradiol induces an accumulation of free hep
aran sulfate glycosaminoglycan chains in uterine epithelium. Endocrinology, 122(4242 
253, 1988. 

[105] Spooner PM and Gorski J. Early estrogen effects on lipid metabolism in the rat uterus. 
Endocrinology, 91:1273-1283, 1972. 

[106] Bourke JE, Dank S, Wilce PA, and Martin L. Effect of estradiol and progesterone on phos
phatidylinositol metabolism in the uterine epithelium of the mouse. J. Steroid Biochem., 
39:337-342, 1991. 

[107] Grove RI and Korach KS. Estrogen stimulation of phosphatidylinositol metabolism in 
mouse uterine tissue. Endocrinology, 121:1083-1088, 1987. 

[108] Ignar-Trowbridge DM, Hughes AR, Putney JW-Jr., McLachlan JA, and Korach KS. Di
ethylstilbestrol stimulates persistent phosphosositol turnover by an estrogen receptor-mediated 



66 

mechanism in immature mouse uterus. Endocrinology, 129:2423 -2430, 1991. 

[109] Allen E and Doisy E. Preliminary report on its localization, extraction and partial purifi
cation, and action in test animals. J. Am. Med. Assoc., 81:819 -821, 1923. 

[110] Epifanova Of. Mitotic cycles in estrogen-treated mice: A radioautographic study. Exper. 
Cell Res., 42:562 -577, 1966. 

[111] Drasher ML. Morphological and chemical observations on the mouse uterus during the 
estrous cycle, and under hormonal treatment. J. Exper. Zoo., 119:333 -353, 1952. 

[112] Cunha GR, Chung LWK, Shannon JM, Taguchi 0, and Fujii H. Hormone-induced mor
phogenesis and growth: role of mesenchymal-epithelial interactions. Rec. Prog. Hormone 
Res., 39:559 -597, 1983. 

[113] Jeener R. Acides nucleiques et phosphotases au cours de phenomenes de croisance provo
ques par oestradiol et la prolactine. Biochem. Biophys. Acta, 2:439 -450, 1948. 

[114] Salvatore CA. A cytological examination of uterine growth during the estrus cycle and 
artificially induced estrus. Rev. Brasil. Biol., 8:505 -523, 1948. 

[115] Salvatore CA. Action of estrone and progesterone on nuclear volume (studied by applying 
the karyometric statistical method). Biol. Bull., 99:112 -119, 1950. 

[116] Alfert M and Bern HA. Hormonal influences on nuclear synthesis. I. Estrogen and uterine 
gland nulcei. Proc. Natl. Acad. Sci., 37:202 -205, 1951. 

[117] Bullough WS. Hormones and mitotic activity. Vitamins and Hormones, 13:261, 1955. 

[118] Swann MM. The control of cell division: A review. II. special mechanisms. Cancer Res., 
18:1118 -1160, 1958. 

[119] Das RM. The effects of oestrogen on the cell cycle in epithelial and connective tissues of 
the mouse uterus. J. Endorc., 55:21 -30, 1972. 

[120] Galand P, Rodesch F, Leroy F, and Chretien J. Radioautographic evaluation of the 
estrogen-dependent proliferative pool in the stem cell compartment of the mouse uterine 
and vaginal epithelia. Expl. Cell Res., 48:595 -604, 1967. 

[121] Perrotta CA. Initiation of cell proliferation in the vaginal and uterine epithelia of the 
mouse. Am. J. Anat., 111:195 -201, 1962. 

[122] Galand P, Leroy F, and Chretien J. Effect of oestradiol on cell proliferation and histological 
changes in the uterus and vagina of mice. J. Endocr., 49:243 -252, 1971. 



67 

[123] Beato M, Lederer B, Boquoi E, and Sandritter W. Effect of estrogens and gestagens on the 
initiation of DNA synthesis in the genital tract of ovariectomized mice. Expl. Cell Res, 
52:173-179, 1968. 

[124] Beato M and Dienstbach F. Effect of estrogens and gestagens on the duration of DNA 
synthesis in the genital tract of ovariectomized mice. Virchows Arch. Abt. B. Zellpath, 
1:197-200, 1968. 

[125] Quastler H and Sherman FG. Cell population kinetics in the intestinal epithelium of the 
mouse. Exper. Cell Res., 17:420-438, 1959. 

[126] Galand P and Leroy F. Radioautographic evaluation of the effects of oestrogen on cell 
kinetics in target tissues. In Basic actions of sex steroids on target organs, pages 160-171. 
Basel: Karger, 1971. 

[127] Smith JA and Martin L. Do cells cycle? Proc. Natl. Acad. Sci. USA, 70:1263-1267, 1973. 

[128] Smith JA, Martin L, King RJB, and Vertes M. Effects of oestradio1-17# and progesterone 
on total and nuclear-protein synthesis in epithelial and stromal tissues of the mouse uterus, 
and of progesterone on the ability of these tissues to bind oestradio1-17/3. Biochem. J., 
119:773-784, 1970. 

[129] Inaba T, Wiest WG, Strickler RC, and Mori J. Augmentation of the response of mouse 
uterine epithelial cells to estradiol by uterine stroma. Endocrinology, 123(3):1253-1258, 
1988. 

[130] Bigsby RM, Aixin L, Luo K, and Cunha GR. Strain differences in the ontogeny of estrogen 
receptors in murine uterine epithelium. Endocrinology., 126(5):2592-2596, 1990. 

[131] Taguchi 0, Bigsby RM, and Cunha GR. Estrogen responsiveness and the estrogen receptor 
during development of the murine female reproductive tract. Develop. Growth and Differ., 
30(3):301-313, 1988. 

[132] Cole DF. The effects of oestradiol on the rat uterus. J. Endocrinology, 7:12-23, 1950. 

[133] Sarff M and Gorski J. Control of estrogen-binding protein concentration under basal 
conditions and after estrogen administration. Biochemistry, 10:2557, 1971. 

[134] Kapur S, Tamada H, Dey SK, and Andrews GK. Expression of insulin-like growth factor-I 
(IGF-I) and its receptor in the peri-implantation mouse uterus, and cell-specific regulation 
of IGF-I gene expression by estradiol and progesterone. Biol. Reprod., 46:208-219, 1992. 

[135] Lyttle CR and DeSombre ER. Uterine peroxidase as a marker for estrogen action. Proc. 
Natl. Acad. Sci. USA, 74:3162, 1977. 

[136] Finlay TH, Katz J, and Levitz M. Purification and properties of an estrogen-stimulated 
hydrolase from mouse uterus. J. Biol. Chem., 257:10914, 1982. 



68 

[137] Kneifel MA, Leytus SP, Fletcher E, Weber T, Mangel WF, and Katzenellenbogen BS. 
Uterine plasminogen activator activity modulation by steroid hormones. Endocrinology, 
111:493, 1982. 

[138] Moulton BC and Barker KL. Synthesis and degradation of glucose-6-phosphate dehydro
genase in the rat uterus. Endocrinology, 89:1131, 1971. 

[139] Reiss NA and Kaye AM. Identification of the major component of the estrogen-induced 
protein of rat uterus as the BB isozyme of creatine kinase. J. Biol. Chem., 256:5741, 1981. 

[140] Pietras RJ and Szego CM. Estrogen-induced membrane alterations and growth associated 
with proteinsase activity in endometrial cells. J. Cell Biology, 81:649-663, 1979. 

[141] Lin TH, Kirkland JL, Mukku VR, and Stancel GM. Regulation of deoxyribonucleic acid 
polymerase activity in uterine luminal epithelium after multiple doses of estrogen. En
docrinology, 122:1403-1409, 1988. 

[142] Henrikson KP, Jazin EE, Greenwood JA, and Dickerman IIW. Prothrombin levels are 
increased in the estrogen-treated immature rat uterus. Endocrinology, 126:167-175, 1990. 

[143] Lee YH, Howe RS, Sha S-J, Teuscher C, Sheehan DM, and Lyttle CR. Estrogen regulation 
of an eosinophil chemotactic factor in the immature rat uterus. Endocrinology, 125:3022
3028, 1989. 

[144] Kuivanen PC and De Sombre ER. The effects of sequential administration of 1713-estradiol 
on the synthesis and secretion of specific proteins in the immature rat uterus. J. Steroid 
Biochem., 22:439-451, 1985. 

[145] Carson DD, Tang J-P, Julian JA, and Glasser SR. Vectorial secretion of proteoglycans by 
polarized rat uterine epithelial cells. J. Cell Biol., 107:2425-2435, 1988. 

[146] Steele M and Wira CR. IgA in uterine tissue: effect of estrous cycle, hormone treatment 
and intrauterine immunization. J. Steroid Biochem., 34:229-234, 1990. 

[147] Sundstrom SA, Komm BS, Ponce de Leon H, Z Y, Teuscher C, and Lyttle CR. Estrogen 
regulation of tissue specific expression of complement C3. L. Biol. Chem., 264:16941, 
1989. 

[148] McMaster MT, Teng CT, Dey SK, and Andrews GK. Lactoferrin in the mouse uterus: 
Analyses of the preimplantation period and regulation by ovarian steroids. Mol. Endocrin., 
5:101-111, 1992. 

[149] Nelson KG, Takahashi T, Bossert NL, and Walmer DK. Epidermal growth factor replaces 
estrogen in the stimulation of female genital-tract growth and differentiation. Proc. Natl. 
Acad. Sci. USA, 88:21-25, 1991. 



69 

[150] Paria BC, Das SK, Gupta A, and Dey SK. Reversal of indomethacin-induced inhibition of 
implantation in the mouse by epidermal growth factor. Prostaglandins, 42:191 -199, 1991. 

[151] Albaladejo V, Zhou-Li Fei, Nicolas B, Joly-Pharaboz MO, Avallet 0, Vigier M, and Andre 
J. Possible involvement of transforming growth factor-,3 in the inhibition of rat pituitary 
tumor growth by estradiol. J. Steroid Boichem., 41:125 -134, 1992. 

[152] Uchima F-DA, Edery M, Sewell LI, and Bern HA. Estrogen induces progestin receptor 
but not proliferation of mouse endometrial epithelial cells in vitro. In Program of the 67th 
Annual Meeting of the Endocrine Society. Baltimore, MD, 1985. 

[153] Nandi S, Imagawa W, TomookaY, Shurba R, and Yang J. Mammogenic hormones: Possible 
roles in vivo. Cold Spring Harbor Conf. Cell Prolif., 9:719 -788, 1982. 

[154] Uchima F-DA, Edery M, Iguchi T, and Bern HA. Estrogen induces progestin receptor but 
not proliferation of mouse vaginal epithelium in vitro. Proc. Am. Assoc. Cancer Res., 
25:206, 1984. 

[155] Iguchi T, Uchima F-DA, Ostrander PL, and Burn HA. Growth of normal mouse vaginal 
epithelial cells in and on collagen gels. Proc. Natl. Acad. Sci. USA, 80:3743 -3747, 1983. 

[156] Fukamachi H and McLachlan JA. Proliferation and differentiation of mouse uterine ep
ithelial cells in primary serum-free culture: Estradio1-17/3 suppresses uterine epithelial 
proliferation cultured on a basement membrane-like substratum. In Vitro Cell Dev. Biol., 
27A:907 -913, 1991. 

[157] Cooke PS, Uchima F-DA, Fujii DK, Bern HA, and Cunha GR. Restoration of normal mor
phology and estrogen responsiveness in cultured vaginal and uterine epithelia transplanted 
with stroma. Proc. Nat. Acad. Sci., 83:2109-2113,1986. 

[158] Morris JE and Potter SW. A comparison of develepmental changes in surface charge in 
mouse blastocysts and uterine epithelium using DEAE beads and dextran sulfate in vitro. 
Developmental Biology, 103:190- 199, 1984. 

[159] Polak JM and Van Noorden S. An Introduction to immunocytochemistry: current tech
niques and problems. Oxford University Press, 1987. Pages 23-25. 

[160] Sternberger LA. Immunocytochemistry. John Wiley & Sons, 1986. Pages 193-200. 

[161] Stitt ER, Clough PW, and Branham SE. Practical bacteriology, hematology, and parasitol
ogy. The Blakiston Company, 10Th edition, 1947. Page 389. 

[162] Conover WJ, editor. Practical nonparametric statistics. Wiley Press, 2 edition, 1980. 

[163] Campen CA, Jordan C, and Gorski J. Opposing biological actions of antiestrogens in vitro 
and in vivo: Induction of progesterone receptor in the rat and mouse uterus. Endocrinology, 
116:2327-2336,-1985. 



70 

[164] Greco TL, Fur low JD, Due llo TM, and Gorski J. Immunodetection of estrogen receptors in 
fetal and neonatal female mouse reproductive tracts. Endocrinology, 129:1326 -1332, 1991. 

[165] Segal SJ, Scher W, and Koide SS. Estrogens, nucleic acids, and protein synthesis in uterine 
metabolism. In Wynn R., editor, Biology of the uterus, pages 139-201. Plenum Press, 
New York, 1977. 

[166] Bissel MJ, Hall HG, and Parry G. How does the extracellular matrix direct gene expression? 
J. Theor. Biol., 99:31, 1982. 

[167] Cunha GR, Bigsby RM, Cooke PS, and Sugimura Y. Stromal-epithelial interactions in 
adult organs. Cell Differ., 17:137 -148, 1985. 



APPENDICES



71 

Appendix A

Summary of Data
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Table 2. Estrogen-induced proliferation of cocultured epithelium and stroma isolated from im

mature mice. The left side of each column summarizes the number of BrdU-labeled cells per 

1000 cells for each experiment. The density of each culture at fixation (in cells/mm2) is included 

on the right side of each column. Each row includes data from one cell isolation. 

Control Estrogen-Treated Control Estrogen-Treated 

Epithelium Epithelium Stroma Stroma 

labeled density labeled density labeled density labeled density 

nuclei nuclei nuclei nuclei 

15 26 108 46 181 72 216 72 

20 21 26 294 30 62 181 136 

16 178 36 182 194 249 177 462 

11 83 49 90 161 153 222 173 

37 163 54 134 73 23 100 23 

27 93 61 477 147 107 133 175 

43 345 63 307 102 121 182 53 

26 37 41 103 58 100 97 138 

21 99 30 281 79 173 110 190 
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Table 3. The suppression of proliferation in response to estrogen-treatment of monocultured 

epithelium and stroma isolated from immature mice. The left side of each column summarizes 

the number of BrdU-labeled cells per 1000 cells for each experiment. The density of each culture 

at fixation (in cells/mm2) is included on the right side of each column. Each row includes data 

from one cell isolation. 

Control Estrogen-Treated Control Estrogen-Treated 

Epithelium Epithelium Stroma Stroma 

labeled density labeled density labeled density labeled density 

nuclei nuclei nuclei nuclei 

43 90 5.5 103 

6 114 8.5 75 53 24 45 22 

11 84 7 65 74 

15 116 5.5 145 101 335 87 137 

12 149 12.5 140 87 332 

22 191 13 385 29 13 19 19 

54 262 28 165 29 15 41 11 

107 66 87 85 

56 95 21 151 121 90 97 119 

64 553 53 600 

59 199 32 264 91 88 65 85 

84 86 73 69 

77 1397 37 950 

47 86 27 124 77 177 
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Table 4. The suppression of proliferation in response to estradiol-treatment of monocultured 

epithelium and stroma isolated from adult mice. The left side of each column summarizes the 

number of BrdU-labeled cells per 1000 cells for each experiment. The density of each culture 

at fixation (in cells/mm2) is included on the right side of each column. Each row includes data 

from one cell isolation. 

Control Estrogen-Treated Control Estrogen-Treated 

Epithelium Epithelium Stroma Stroma 

labeled density labeled density labeled density labeled density 

nuclei nuclei nuclei nuclei 

72 58 38 21 46 271 41 301 

21 427 7 737 

37 214 57 103. 

43 272 5 150 

15 87 11 72 19 37 33 34 

18 119 19 50 17 143 10 41 

81 234 99 225 31 194 21 254 

123 92 115 242 31 232 17 320 

21 238 

34 195 17 394 

3 20 118 142 35 326 31 322 
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Table 5. Estrogen-induced proliferation of cocultured epithelium and stroma isolated from adult 

mice in early estrus. The left side of each column summarizes the number of BrdU-labeled cells 

per 1000 cells for each experiment. The density of each culture at fixation (in cells/mm2) is 

included on the right side of each column. Each row includes data from one cell isolation. 

Control Estrogen- Treated Control Estrogen- Treated 

Epithelium Epithelium Stroma Stroma 

labeled density labeled density labeled density labeled density 

nucleinuclei nuclei nuclei 

63 58 82 43 15 192 24 37 

36 116 76 80 43 12 36 23 

36 14 244 6 101 24 145 24 

2 41 7 49 16 131 24 204 

7 2 48 5 11 32 6 81 

43 2299 81 38 89 4 394 

9 36 42 74 19 204 15 372 

9 94 39 151 10 452 67 290 
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Appendix B 

Supporting Experiments 

B.1 Measurement of Estradiol Stimulation by Incorpora

tion of 3H-Thymidine 

Preliminary experiments were modeled after Inaba et al. [129], and used the incor

poration of tritiated thymidine into the nuclei of cells synthesizing DNA during a 

one hour labeling period. The measurement of the proliferation of epithelial and 

stromal monocultures or cocultures in this manner was inconclusive. Variability of 

the densities of cultures within and between experiments contributed strongly to 

the variability in these experiments. Using this method it was not possible to quan

tify which cell type incorporated the label in these cultures. Some of the variability 

in data from monocultured cells may have been due to low purity of monocultures. 

Inconsistent stromal/epithelial cell ratios in cocultures probably contributed to 

differing amounts of stimulation and increased variability in data from cocultures. 

These experiments were based on the amount of protein in each homogenate, and 
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estrogen-stimulation of increased protein production could have masked increases 

in proliferation in cocultures. Tables 6, 7 and 8 show a summary of the results 

of these experiments recorded in DPM /µg protein. Suppression of proliferation by 

estrogen-treatment of monocultures is present for most monocultures. However, 

estrogen-treatment of cocultures show no evident trends. 

Table 6. Changes in proliferation resulting from estrogen-treatment of mono- and cocultured 

epithelium and stroma isolated from adult mice in estrus. Numbers reported are DPM of incor

porated tritiated thymidine per jig protein in each culture extract. Two types of medium bases 

were used in these experiments: Medium 1 base was deficient DMEM/F-12 (sigma) with compo

nents readded except for phenol red. Medium 2 was complete DMEM/F-12 (Gibco) containing 

phenol red. 

Medium Control Estrogen- Control Estrogen- Control Estrogen-

Type Treated Treated Treated 

Epithelium Epithelium Stroma Stroma Coculture Coculture 

Medium 152 83 21 20 141 51 

1 113 85 4 4 73 202 

4 2 49 21 3 2 

Medium 196 236 37 63 86 89 

2 65 76 6 5 634 105 

1 18 38 22 2 1 
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Table 7. Changes in proliferation resulting from estrogen-treatment of mono- and cocultured 

epithelium and stroma isolated from immature mice in estrus. Estrogen-response of mono- and 

cocultured epithelium and stroma isolated from immature mice. Numbers reported are DPM 

of incorporated tritiated thymidine per pg protein in each culture extract. The description of 

Media types is included legend of Table 6. 

Medium Control Estrogen- Control Estrogen- Control Estrogen-

Type Treated Treated . Treated

Epithelium Epithelium Stroma Stroma Coculture Coculture 

Medium 18 22 1 1 3 2 

1 '58 65 4 4 32 32 

Medium 31 15 7 8 20 55 

2 43 35 12 13 31 40 

Table 8. Changes in proliferation in response to estrogen-treatment of mono- and cocultured 

epithelium and stroma isolated from four week old mice. Numbers represent DPM of incorporated 

tritiated thymidine per pg protein in each culture extract. The description of Media types is 

included legend of Table 6. 

Medium Control Estrogen- Control Estrogen- Control Estrogen-

Type Treated Treated Treated
, 

Epithelium Epithelium Stroma Stroma Coculture Coculture 

Medium 18 14 6 4 47 32 

61 39 30 6 2 7 

70Medium 2 25 26 3 3 46 
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B.2 Immunocytochemistry and Culture Morphology 

Preliminary immunostaining showed that all epithelioid cells which made up flakes 

or groups contained cytokeratin in their cytoplasm. Cytokeratin localization also 

showed that some epithelial cells did exist as single cells in culture. These cells 

were sometimes polygonal in shape and sometimes more elongated as migrating 

cells. 

Epithelial cultures from adult mice in early estrus contained typical epithe

lial flakes as well as flakes in which the epithelial cells separated from one another. 

Cells in separated flakes were polygonally shaped and maintained thin, stretched 

connections to their nearest neighbors. These cells were untouched by neighboring 

cells on at least two sides, and divided at unusually high rates when compared to 

epithelium in typical flakes. The most probable explanation of this increased pro

liferation was the loss of contact inhibition in the separated flakes. The separated 

epithelial cells immunostained for cytokeratin, however, the staining was not as 

strong as in cells in typical epithelial flakes. This could have been due to their 

high division rate since each cell would not have as much time between successive 

divisions to accumulate cytokeratin. It is also possible that these cells are more 

actively migrating, and producing cytoskeletal molecules other than cytokeratin 

because of this. Single cells which appeared migratory contained less cytokeratin 

as measured by relative immunoreactivity. 

Stromal cells exhibited two distinct morphologies in culture. The typical 
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stromal cell appeared stellate and immunostained for vimentin, an intermediate 

filament found specifically in fibroblasts. A small population of stromal cells ap

peared in whorls of cells with very small, round nuclei. These cells also immunos

tained for vimentin, and divided much less often than typical fibroblastic stromal 

cells since it was rare to find this smaller type of stromal cell labeled with BrdU. 

Stromal whorls were present more often in cocultures with very low densities of 

stroma (less than 20%). Cells in the uterine stroma are derived from two lineages, 

paramesonephric ductal mesenchyme and myeloid [1, page 90]: It is probable that 

the stellate, fibroblastic appearing cells are derived from the mesenchyme of the 

paramesonephric duct, and that the smaller cells which appeared in whorls were 

derived from the myeloid lineage. 

Macrophages were common in cultures isolated from immature animals, but 

were rarely present in cultures isolated from adult mice. Macrophages were present 

in or near epithelial flakes. They sometimes stained positively for cytokeratin, 

but not for vimentin (however, very few were present in vimentin immunostained 

slides so this may have been an unfair sample size). These cells contained between 

2 and 18 nuclei per cell, almost always being an even number. Either all nuclei 

incorporated 5-bromo-2-deoxyuridine or none within a single cell, and size was 

within an appropriate range for macrophages. 
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Figure 13. Mouse uterine epithelium double-immunostained using DAB for anti-BrdU (brown) 

and 4-chloro-l-napthol for anti-cytokeratin (blue). Phase contrast (a) and bright field (b) pictures 

of the same field are included to highlight both cell morphology and immunostaining. Note that a 

mitotic figure (arrow) which incorporated BrdU during the three hour labeling period is present. 

x 1260. 
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Figure 14. Mouse uterine stroma double-immunostained using DAB for anti -BrdU (brown) and 

4-chloro-l-napthol for anti-cytokeratin (blue). Phase contrast (a) and bright field (b) pictures of 

the same field are included to highlight cell morphology and immunostaining. x 1260. 


