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 CHAPTER 1

1.1  Introduction

Milk production in a mammal is directly related to the number of the functional

mammary epithelial cells, which produce and secrete milk, in the mammary glands (1).

Mammary gland growth and development occur in different life stages of an animal: pre-

puberty, puberty, pregnancy, lactation, and involution.  During these stages, different

hormones, growth factors, and associated proteins act in concert to modify the

extracellular environment and to bring about the necessary developmental responses in

the cells via inter- and intra- cellular signaling (2-4).  To produce optimal lactation in a

mammal, an environment for optimal mammary epithelial cell growth in the pre-pubertal

animal must be provided.

In addition to the animal agricultural importance of increased mammary epithelial cell

growth for increased milk production, this work has implications for other applications.

With the development of pharmaceutical protein-producing transgenic animals, increased

milk production may increase the efficiency of protein production.  In a reverse

application (related to human disease), understanding the contribution of extracellular

matrix (ECM) proteins to cell growth in the cell environment may lead to possible ways

to reduce mammary tumor growth in neoplastic disease.
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Laboratory investigation of a mammary epithelial cell line allows factors contributing to

measurable cell responses to be studied in isolation so that individual mechanisms of

action can be elucidated.  Since animal cells are part of the larger “whole animal” system,

unknown physiological compensatory or feedback mechanisms in the animal create a

system too complex for analyzing the contribution of individual proteins or of growth

factors to measurable cell responses.  For this dissertation, effects of autocrine (cell-

secreted) insulin-like growth factor-I (IGF-I) and of collagen I, a common ECM protein,

on the IGF-I signaling pathway of mammary epithelial cells were investigated.

IGF-I stimulates the growth and division of mammary epithelial cells and is crucial in the

development of mammary tissue (5-7).  This important mitogenic agent is provided by

the endocrine system and by stromal cells in the mammary gland.  The concentrations of

proteins in the cell environment are not constant; it has been shown that proteins related

to the IGF-I signaling pathway appear in both temporally and spatially significant

patterns during mammary growth and development (7-9).  The IGF-I molecule initiates a

signal by binding to the IGF-I receptor (IGF-IR), a tyrosine kinase receptor transversing

the bilipid layer that constitutes the surface membrane of the mammary epithelial cell

(10).  The binding of IGF-I to the IGF-IR stimulates a cascade of signaling events within

the cytoplasm of the cell, which can ultimately lead to DNA synthesis and cell division.

In the autocrine pathway, IGF-I is made available to the IGF-IR of the same cells from

which the IGF-I is secreted (11).  The potential to increase mammary epithelial cell

proliferation with the autocrine secretion of mitogenic IGF-I is clear.  In vitro, autocrine
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secretion of IGF-I in MAC-T cells is associated with a 3.6-fold increase in total DNA

after 96 h in culture with 5% fetal bovine serum on tissue culture plastic (12).  The effect

of autocrine IGF-I on the mammary epithelial cell response to additional IGF-I was

therefore investigated (Chapter 3).

The IGF binding proteins (IGFBPs) are known to modulate IGF-I signaling, whether by

sequestering free IGF-I in the extracellular space or by acting via some alternative

mechanism.  The effect of insulin-like growth factor binding protein-3 (IGFBP-3), an

important molecule in the IGF-I axis, is not consistent under all circumstances (13-14).

For example, addition of IGFBP-3 inhibits IGF-I (10 ng/mL) stimulated cell growth as

measured by [3H]thymidine incorporation into DNA in the mammary epithelial cell line

MAC-T plated on tissue culture plastic in the absence of serum (Chapter 2).  Conversely,

growth was found to increase in MAC-T cells transfected to produce IGFBP-3 compared

to cells transfected with the vector only with the exogenous addition of IGF-I (10 to 50

ng/mL) (14).  The IGFBP-3 secreting MAC-T cells were cultured with either 1% or 10%

FBS on collagen I coated plates.  Further, IGFBP-3 secretion is induced with the

exogenous addition of IGF-I to MAC-T cells and with the autocrine secretion of IGF-I in

IGF-I transfected MAC-T cells (SV40-IGF-I) (12).

ECM proteins have been found to impact the phenotypic expression of cells grown in

culture.  For example, human lung cancer cells (adenocarcinoma, epidermoid carcinoma,

and small cell carcinoma) have been found to express oncogenes and growth factors

when grown on bovine endothelial cell ECM, but not when grown on tissue culture
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plastic (15).  ECM components that impact the expression of the malignant cell

phenotype are also being investigated in metastasis processes.  For example, the ECM

component fibronectin has been found to successfully reduce tumor implantation at

hepatic surgical sites when applied topically (16).  Whether implemented to increase or to

decrease epithelial cell growth, the pharmaceutical quantitative manipulation of the ECM

environment may provide a method to alter mammary cell proliferation or function.

The ECM consists of a number of components including collagens, fibronectin, and

laminin (17).  ECM molecules form a basement membrane to which mammary epithelial

cells adhere, primarily via integrins.  Integrins constitute a superfamily of cell surface

receptors, which interact directly with the ECM molecules.  They are responsible for cell

surface adhesion in many systems.  Since the integrins can also function to indirectly

transmit signals to the IGF-I growth pathway (18,19), it is possible that integrins may

also induce changes in IGFBP-3 production.  In this study, the effect of the ECM protein

collagen I on the production of IGFBP-3 by a bovine mammary epithelial cell line was

investigated.

Collagen I gel induces increased IGFBP-3 secretion in MAC-T cells as compared to the

cells on tissue culture plastic (Chapter 4).  This study focused on collagen I regulation of

IGFBP-3 expression by MAC-T cells.  Collagen I is one of many extracellular matrix

(ECM) proteins found in mammals (20).  It is secreted by fibroblasts and by many

epithelial cells and is commonly found in skin, tendon, and bone.
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1.1.1 Objective

 The overall objective of this study was to determine how autocrine IGF-I and collagen I

substrates regulate selected physiological responses of mammary epithelial cells.  The

IGF-I axis was the focus because IGF-I is a known potent mitogen for mammary

epithelial cells.  Collagen I is a predominant ECM protein.  Understanding the impact of

autocrine IGF-I and of collagen I on the IGF-I axis increases the understanding of the

optimal cell environment conditions needed for IGF-I stimulation of mammary epithelial

cell growth and proliferation

1.1.2  Hypotheses

1.) Autocrine IGF-I alters mammary epithelial cell IGF-IR sensitivity to exogenous

IGF-I stimulation.

2.) Collagen I regulates the expression of IGFBP-3 in mammary epithelial cells,

thereby modulating IGF-I axis dependent cell growth.

1.1.3  Specific Aims

This study began with the investigation of an immortalized bovine mammary epithelial

cell line (MAC-T) (21) and the comparison of the IGF-I response of this cell line to the

IGF-I response of the SV40-IGF-I cell line, a cell line derived from MAC-T cells

engineered to constitutively secrete IGF-I (22).  In the absence of added IGF-I, the

transfected cell line was observed to proliferate to greater cell numbers compared to the

parental cell line after three or more days in culture during routine cell maintenance for
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this dissertation.  Investigation was made to determine what changes might have resulted

in selected IGF-I axis responses besides the obvious production of IGF-I.

1.1.3.1  Aim 1.  Quantify the dose-dependent response of MAC-T cells to IGF-I and

compare with the dose-dependent response of SV40-IGF-I cells to exogenous IGF-I to

determine if the IGF-I producing cells retain responsiveness to exogenous IGF-I.  In

addition, determine the effect of IGFBP-3 on IGF-I stimulation and proliferation of

MAC-T cells.

It was hypothesized that cells that produce IGF-I would lose sensitivity to exogenous

IGF-I.  To test this hypothesis, experiments were conducted to detect initial IGF-IR

stimulation and resultant downstream cell proliferation.  It was found that the SV40-IGF-

I cell line retained dose-dependent responsiveness to exogenous IGF-I as measured by

extracellular acidification, a characteristic of IGF-IR stimulation (Chapter 3).  It was

found that, unlike MAC-T cells (Chapter 2), this responsiveness to exogenous IGF-I did

not result in a downstream increase in cell proliferation as measured by [3H]thymidine

incorporation and total DNA content assays.  Amino acid uptake as measured by

aminoisobutyric acid (AIB) incorporation increased in both MAC-T and SV40-IGF-I

cells (Chapter 3).  The uptake of amino acid in the SV40-IGF-I cells suggests that the PI-

3 kinase pathway may be operational, since IGF-I induced a-[1-14C]aminoisobutyric acid

([14C]-AIB) incorporation is inhibited by a PI-3 kinase pathway specific inhibitor in

bovine dermal fibroblasts (23).
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IGFBP-3 has been hypothesized to act via different mechanisms to modulate IGF-I

stimulated proliferation.  It was found that addition of IGFBP-3 to IGF-I reduced the

extracellular acidification rate of IGF-I stimulated SV40-IGF-I cells on the Cytosensor®

microphysiometer (24).  This result led to verification that IGFBP-3 reduced the IGF-I

stimulated extracellular acidification rate of MAC-T cells as well (Chapter 2).

1.1.3.2  Aim 2.  Determine if IGFBP-3 expression in MAC-T cells is quantitatively

dependent on collagen I (and exogenous IGF-I).  Since IGFBP-3 suppresses IGF-I

stimulation in MAC-T cells, the varied expression of this cell-secreted binding protein

has the potential to modify MAC-T cell growth and proliferation.

The attention was turned to collagen I and to how addition of this protein to the substrate

surface might impact the phenotypic expression of IGFBP-3 in the MAC-T cell line

(Chapter 4).  MAC-T cells produce very minute quantities of IGFBP-3 as compared to

IGFBP-2 when grown on tissue culture plastic.  MAC-T cells grown on an in-house

prepared rat-tail collagen I gel showed a small, but clear, increase in the IGFBP-3

secretion.  IGFBP-3 and IGFBP-2 protein secretion in the media and IGFBP-3 and

IGFBP-2 mRNA expression by the cells cultured on tissue culture plastic, collagen I

BIOCOAT (Becton-Dickinson), and a collagen I gel were measured. An attempt was

made to quantify the surface-related amount of IGFBP-3 and of IGFBP-2 secreted by

MAC-T cells on tissue culture plastic, collagen I BIOCOAT, and collagen I gel in the

presence and absence of IGF-I.  Issues with gel-to-gel comparison were found and are

described in Chapter 5.
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1.1.3.3  Aim 3.  Analyze how MAC-T cell number is affected by collagen I.  Since

IGFBPs can impact IGF-I stimulated cell responses, analysis of the cultured cell number

is needed 1) to determine how IGFBP secretion differs on a cell count basis and 2) to

determine if cell proliferation is impacted by differences in IGFBP secretion.

Since IGFBP-3 suppresses IGF-I stimulation of MAC-T cells, investigation was made to

determine if the changes in IGFBP-3 and IGFBP-2 secretion of cells cultured on a

collagen I gel affected the downstream proliferation of these cells (Chapter 4).  DNA

content assay revealed that the DNA content was very stable across the three substrates

investigated: tissue culture plastic, collagen I BIOCOAT, and the collagen I gel.  The

addition of IGF-I (100 ng/mL) increased the DNA content significantly for all three

surfaces, but once again, there was no difference between the three substrates

investigated.

1.1.4  Summary

It was found that the autocrine secretion of IGF-I in the SV40-IGF-I cell line did not

cause these mammary epithelial cells to lose an IGF-I dose–dependent IGF-IR

responsiveness to exogenous IGF-I as measured by microphysiometry (24).  However,

unlike MAC-T cells, SV40-IGF-I cells do not respond to exogenous IGF-I with a

downstream increase in cell proliferation (Chapter 3).  The un-coupling of IGF-IR

stimulation from downstream proliferation in the IGF-I autocrine cells warrants further

investigation to determine how the IGF-IR signaling pathway has been altered by the

presence of autocrine IGF-I.  This is of interest both for finding methods to increase
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mammary epithelial cell growth for agricultural purposes and for understanding increased

cell proliferation in neoplastic processes.

The effect of culturing MAC-T cells on a collagen I gel was investigated (Chapter 4).

Cells cultured on the collagen I gel showed an increase in IGFBP-3 and a decrease in

IGFBP-2 secretion into the media.  This effect was not seen on the collagen I BIOCOAT,

from which MAC-T cells did not differ in secretion pattern from tissue culture plastic.

This study showed that the pattern of IGFBP secretion is dependent on how the collagen I

is presented to the cells.  Further investigations are needed to determine why the cells

responded differently when cultured on tissue culture plastic or on a thin coating of

collagen I (BIOCOAT ) compared to when the cells are cultured on a thicker collagen I

gel.

The change in the secretion pattern of IGFBPs, resulting from a change in the substrate

surface, provides an additional area for pursuing methods to increase cell proliferation for

agricultural purposes, and conversely, to reduce cell proliferation in neoplastic disease.

The modulations of the mammary epithelial cell response by autocrine IGF-I and by

collagen I gel illustrate that downstream responses typical of the IGF-I signaling pathway

can be modified by adjustments of proteins present in the cellular environment.  This may

have ramifications for tissue engineering and other cell based therapies.
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1.2  Literature Review

1.2.1  Mammary physiology

Mammary tissue consists of epithelial, stromal, vascular, and lymphatic cells (25).  The

mammary epithelial cells line structures named the alveoli, which are responsible for

milk synthesis and secretion (Figure 1.1).  Many alveoli are connected in grape-like

clusters with ducts leading to the larger milk ducts and finally to the gland cistern, where

the milk accumulates. The milk ducts leading from the alveoli are also lined with

epithelial cells.  A detailed schematic of an individual mammary epithelial cell, which

secretes milk, is shown in Figure 1.2.

Figure 1.1. Detail of a single milk-producing alveolus adapted from Ensminger, 1993
(25).  Milk-secreting epithelial cells line the lumen of the alveolus.

MILK CAVITY

Alveolus
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Figure 1.2.  Detail of a mammary epithelial cell adapted from Ensminger, 1993 (25).
Characteristic structures (nucleus, ribosomes, and other structures) of a eukaryotic cell
are shown.  The cell is polarized so that milk components are secreted out of the apical
end of the cell and into the alveolar lumen.  The basal end of the cell is near blood
capillaries and the ECM proteins of the basal lamina.

Surrounding the epithelial cells (otherwise known as parenchyma) is a supporting

structure of tissue referred to as stroma.  The stroma consists of a heterogenous mix of

cells: adipocytes, fibroblasts, pericytes, endothelial cells, mast cells, and mesenchymal

cells (26).  The vascular compartment provides blood circulation, and the lymphatic

compartment provides immune responses.

ALVEOLAR LUMEN
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MYOEPITHELIAL CELL

NUCLEUS

SMOOTH ENDOPLASMIC RETICULUM

LYSOSOMEPLASMA MEMBRANE
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FAT DROPLET

SOLUBLE CYTOPLASM

CAPILLARY

MITOCHONDRION
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Mammary epithelial cells respond to a number of growth factors.  Known growth factors

important in bovine mammary growth and development include insulin-like growth

factors (IGF-I, IGF-II), fibroblast growth factors (FGF-1 and FGF-2), insulin, epidermal

growth factor (EGF), transforming growth factors (TGF-a, TGF-b), amphiregulin (AR),

and mammary derived growth factor (MDGF-1) (8, 27-42).  The growth factor of interest

in this study is IGF-I, a potent stimulator of mammary epithelial cell mitosis during

mammary growth and development.  IGF-I stimulation of the mammary epithelial cells is

influenced by binding proteins such as IGFBP-3, which in turn are hypothesized in this

dissertation to have a secretion pattern influenced by proteins of the ECM.  ECM proteins

of importance in bovine tissue are collagens, fibronectin, and laminin (17).  The focus for

this study is on collagen I, an ECM protein found throughout the animal kingdom (20).

1.2.2  MAC-T cell line

The MAC-T cell line is a bovine mammary epithelial cell line developed by investigators

at McGill University in Quebec by the transfection of primary bovine mammary

epithelial cells from lactating Holstein cows with the SV40 large T-antigen (21). The

resultant immortalized MAC-T cell line was homogenous (only one cell type), retained

typical epithelial cell morphology, and retained hormonal responsiveness for an in vitro

bovine lactation model.  These retained characteristics are important for the reliability of

the experimental results after several passages of the cells, and the utilization of this

immortalized cell line is therefore convenient.  MAC-T cells express IGF-IR and are

responsive to IGF-I (12).  In addition, MAC-T cells express b1 integrins (43), cell surface
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receptors that interact with ECM proteins.  MAC-T cells have been used for numerous

cell studies for which a hormonally responsive mammary epithelial cell line was required

(44-47).  A few of the studies that are related to the IGF-I axis proteins include:  the

modulation of IGFBPs by retinoids (44), IGFBP-3 transcriptional and posttranscriptional

mechanisms (45), production of leptin (46), and the measurement of mitogenic activity of

heifer mammary tissue extracts (47).  As stated in the introduction, utilization of a

mammary epithelial cell line allows the isolation of factors contributing to measurable

cell responses.  In this dissertation, the effect of autocrine IGF-I on cell stimulation and

on downstream cell proliferation was measured (Chapter 3).  MAC-T cells were utilized

to isolate the response of mammary epithelial cells to collagen I, an ECM protein, in

order to determine the effect of collagen I on IGFBP-3 and IGFBP-2 production and on

cell proliferation (Chapter 4).

The use of a cell line is convenient for cell studies because it allows a set of experiments

to be conducted over the course of several weeks by maintaining cells in culture.  Primary

cells harvested from an animal typically do not survive beyond a couple of passages in

culture and therefore the use of primary cells can become expensive.  A drawback to the

use of an immortalized cell line is the potential for the cells to not retain the desired cell

behavior  characteristic of the primary cells.  In addition, cell  lines have the potential to

transform and to change over the course of several passages and thereby not show

consistent  experimental results.
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1.2.3  Insulin-like growth factor-I (IGF-I)

Insulin-like growth factor-I (IGF-I) belongs to the insulin family and is a known potent

mitogen of mammary epithelial cells.  It is composed of 70 amino acids and has a

predicted molecular weight of 7650 (48).  The basic structure for the IGF-I gene

sequence is the same across species, although there are species dependent variations in

the sequence.  For example, the IGF-Ia precursor (one of two precursors) in man has a

94% nucleotide sequence homology compared to the pig, a 93% sequence homology

compared to the cow, a 93% sequence homology compared to sheep, and a 78% sequence

homology compared to the guinea pig (48).  After transcription and processing, the IGF-I

molecule is the same in humans, cows, sheep, and pigs (48).  The human recombinant

IGF-I used in this study stimulates growth in MAC-T bovine mammary cells as measured

by [3H]thymidine incorporation into DNA, total DNA content, cell number, and amino

acid incorporation (7,48,50-52).   MAC-T cells produce no detectable IGF-I on tissue

culture plastic (12).  The IGF-I molecule is composed of two regions, an A-region and a

B-region, which are highly homologous to the A- and B- chains of insulin, hence the

name insulin-like growth factor (53).  IGF-I has a high affinity for the IGF-I receptor and

lower affinity for the IGF-II and insulin receptors.  IGF-I is regulated at the

transcriptional level by growth hormone, insulin, estradiol, nutritional status, and other

developmental factors (48).  IGF-I is made available to mammary epithelial cells by

stromal cells for paracrine stimulation and by the circulation for endocrine stimulation

(10,26).  Whether provided by the circulation or by local tissue synthesis, IGF-I is

important in the stimulation of mammary growth and in the secretion of milk.  Since
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autocrine IGF-I is another potential means of supplying IGF-I to mammary epithelial

cells, cells transfected to provide IGF-I is of interest for bioengineering applications.

1.2.4  Insulin-like growth factor-I receptor (IGF-IR)

The IGF-IR is a tyrosine kinase receptor embedded in the cell surface membrane of

mammary epithelial cells (10,48).  It consists of four subunits: two a-subunits and two b-

subunits held together by disulfide bridges.  The a-subunits extend to the extracellular

side of the membrane and bind IGF-I with high affinity.  The b-subunits extend into the

cytoplasm and contain the tyrosine residues involved in autophosphorylation and

resultant initiation of the signal conduction pathway upon binding of IGF-I (54).  This

signal conduction pathway results in DNA synthesis and cell division.

1.2.5  Insulin-like growth factor binding protein-3 (IGFBP-3) and –2 (IGFBP-2)

There are six known insulin-like growth factor binding proteins (IGFBPs), numbered 1

through 6 with molecular weights ranging from 29 to 53 kDa (10,48).  The IGFBPs are

characterized by high binding affinity to the IGFs and negligible binding affinity to

insulin.  IGFBPs are found in milk, blood, and mammary cells.  The highest

concentration of IGFBP-2, -3, -4, and -5 are found in serum, and, compared to other

mammary tissue cell types, the highest level of IGFBP-3 mRNA was detected in the

secretory mammary epithelial cells (54,55).  IGFBPs are generally regarded as

modulators of IGF action, either inhibiting or potentiating the IGF response of cells (10),
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although IGF-I independent activity for IGFBP-3 and IGFBP-5 have been reported

(10,14,56,57).  Whether they inhibit or stimulate IGF-I action depends on concentration,

phosphorylation status, proteolysis, and cell type (58).

IGFBP-3 is known to circulate in the bloodstream in a complex with IGF-I and an acid

labile a-subunit (59) and, more recently, has been shown to form a complex with IGF-I

and fibronectin (60), an ECM protein.  IGFBP-3 also contains a heparin-binding site and

is known to bind to heparan sulfate proteoglycans, a component of the ECM and the cell

surface (61).  Additionally, IGFBP-3 binds to the ECM protein collagen I (62), of

particular relevance to the studies in this document.  The role of IGFBP-3 in modulating

IGF-I action has been found to depend on cell type (14).  In many cell types, IGFBP-3

has been found to potentiate IGF-I activity (13,63).  For example, the MAC-T cell line

transfected to produce secreted IGFBP-3 was found to have enhanced responsiveness to

IGF-I stimulation (14).  However, exogenous IGFBP-3 has been found to inhibit IGF-I

activity in MAC-T cells in this study and by other investigators (49,64).  Addition of

human recombinant IGFBP-3 inhibits proliferation in MAC-T cells exposed to IGF-I

containing milk extracts from IGF-I transgenic mice as determined by [3H]thymidine

incorporation assay (65).  Recombinant human IGFBP-3 has also been found to inhibit

proliferation in primary bovine mammary epithelial cells (5).

IGFBP-3 proteases, enzymes that break down the binding proteins, have been detected in

humans and rodents during pregnancy (55).  They were not detected in bovine milk, but

proteolysis is thought to result from activated plasminogen.  The concentration of
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IGFBPs found in the conditioned media of primary bovine epithelial cells is one hundred-

fold less than that found in serum and ten-fold less than that found in milk.  During

lactation, IGFBPs are secreted into the milk, most likely from the mammary epithelial

cells, but also possibly from the bloodstream via “leaky” cell junctions.  However, the

possibility of proteases present in conditioned media could account for lower IGFBP

levels detected than might actually be secreted by the cells.

IGFBP-2 is secreted by MAC-T cells at higher levels than is IGFBP-3 in the absence or

presence of IGF-I (12).  IGFBP-2 secretion by primary mouse mammary epithelial cells

was found to increase with exogenous IGF-I for cells grown on collagen I coated wells

compared to cells grown on control or fibronectin coated wells (66).  IGFBP-2 has been

found to inhibit the mitogenic action of IGF-II in human breast cancer cells (67).  Tumor

growth is inhibited by binding of IGFBP-2 to the avb3 integrins of MCF-7 human breast

cancer cells (68).   Also of note is that IGFBP-2 does not bind to collagen I (67), the

ECM protein of interest in this dissertation.

Surface substrate can affect the expression of IGFBP proteins.  MAC-T cells grown on

plastic express very low levels of IGFBP-3 (12).  It has been reported that mouse

mammary epithelial cells express both IGFBP-3 and IGFBP-2 when cultured on collagen

(65), consistent with observations for the MAC-T cells (Chapter 4).  IGFBP-3 and

IGFBP-2 have been found to inhibit IGF-I stimulated DNA synthesis in primary

mammary epithelial cells grown in collagen gels (42).  The secretion of IGFBP-3 and
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IGFBP-2 is induced by the addition of IGF-I when mammary epithelial cells from

pregnant, non-lactating heifers are grown in collagen gels (31).

1.2.6  Autocrine IGF-I signaling

Autocrine cells secrete growth factors, which can be captured by the receptors of the

same cells (11).  This potentially allows cells to respond to self-produced growth factors

both by cell surface receptors and by receptors within the cells.  Compared to non-

autocrine cells, which depend on growth factors to be secreted by other cells to interact

with the corresponding receptors, autocrine cells have the potential for increased receptor

stimulation because of the proximity of the growth factors to the receptors and therefore

an increased probability of capture (69,70).

 Autocrine stimulation of cells has been observed for different types of cells.  For

example, T-cells respond to autocrine interleukin-2 molecules with cell division as part of

the normal immune response (71).   Human pancreatic carcinoma cells secrete and

respond to IGF-I and to transforming growth factor (TGF-a) with cell proliferation (72).

A chondrocyte cell line derived from human chondrosarcoma secretes and responds to

both IGF-I and IGF-II with the synthesis of proteoglycan (73).  These are a few

examples, but more specific to mammary epithelial cells are studies that have

hypothesized autocrine IGF-I and IGF-II in cancerous mammary epithelial cells (74).

Whether or not cancerous mammary epithelial cells secrete IGF-I has been controversial

(75).   However, both mammary epithelial cells and stromal fibroblasts in cancerous
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mammary tissue have been found to produce IGF-II, and it is thought that the fibroblasts

supply IGF-II to the cancerous mammary epithelial cells (75,76).  IGF-II can activate

both IGF-IR and insulin receptors of mammary epithelial cells (76).

For the autocrine studies in this dissertation, two mammary epithelial cell lines are

utilized: a cell line that secretes and responds to IGF-I (SV40-IGF-I) and a cell line that

does not secrete, but is responsive to IGF-I (MAC-T).  The SV40-IGF-I cell line is the

MAC-T cell line transfected with the SV40 promoter to produce autocrine IGF-I (12) and

can therefore produce and secrete IGF-I, to which the cells can respond via cell surface

IGF-IRs.  Given that receptors are internalized and recycled and IGF-I is produced within

the cell to be secreted to the surface, there is also the possibility of the IGF-IR pathway

being initiated inside the cell surface membrane (69).  The autocrine pathway offers a

growth advantage to these cells in culture; IGF-I autocrine cells have been noted in the

studies in this dissertation to proliferate to greater numbers on tissue culture plastic than

do the parental MAC-T cells (data not shown).  Other changes are induced in these cells

grown in culture, including increased IGFBP-3 secretion (12) and changes in monolayer

permeability (78).  It was found that cell surface IGF-IR stimulation is un-coupled from

downstream proliferation in these cells (Chapter 3).  Certainly, other factors that have

been modified as a result of constitutive IGF-I have yet to be elucidated, particularly in

the IGF-IR signaling pathway.  Of interest is the possibility of increasing mammary

epithelial cell growth via autocrine IGF-I in a mammal for agricultural purposes.  At the

same time, studying the response of cells to autocrine IGF-I compared to exogenous IGF-
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I may provide insight into IGF-IR stimulation and the IGF-I signaling pathway to better

understand the uncontrolled proliferation of cancerous cells.

1.2.7  Signaling via the insulin-like growth factor-I (IGF-I) axis

IGF-I binds to IGF-IR on the mammary epithelial cell surface leading to activation of the

tyrosine kinase domain found on the intracellular portion of the receptor (10).  This

initiates a signal conduction pathway, which can result in cell growth and division (20).

IGFBPs are thought to modulate IGF-I signaling, whether by binding IGF-I to make it

unavailable to the IGF-IR or by direct interaction with the IGF-IR (10).  Ultimately,

signaling via the IGF-IR as shown in Figure 1.4 initiates the signaling pathways to

stimulate cell division (54), although all pathways need not be utilized by cells with IGF-

IR activation.  For instance, it has been found that IGF-I does not activate the MAPK

pathway in MAC-T cells (79).
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Figure 1.3.  Intracellular signaling pathways of the IGF-IR.  Signaling is initiated after
IGF-I binding by autophosphorylation of the b-subunits of the IGF-IR.  Two major
pathways of signal transduction are the PI3-kinase pathway and the MEK/MAPK
pathway. (Adapted from Blakesley, et al., 1996 (54).)

The following table defines some of the points in the IGF-IR signaling pathways

illustrated in Figure 1.3 (17,53,54,80-84).  Signaling via either of the two major pathways

of signal transduction (PI3-kinase pathway and MEK/MAPK pathway) can result in the

stimulation of DNA synthesis and cell mitosis leading to cell growth and differentiation

(54).  Work on the IGF-IR signaling pathways is not complete, and investigations are in

progress by scientists working to elucidate portions of the complex and multi-step

pathways.
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Activation of the cell surface IGF-IR with extracellular IGF-I is a simple model of IGF-

IR activation (54).  Other mechanistic factors can also influence signaling.  For example,

IGF-IR internalization has been found to be an important factor in the Shc/mitogen

activated protein kinase pathway in CHO cell lines (85).  IRS pathways were found to be

stimulated by IGF-IR both on the cell surface and within endosomes.  Also, signals that

are initiated from other receptors of the cell membrane can signal transcription of genes

(53).  For example, the adapter protein syp responds directly from EGF and PDGF

stimulation. But, syp can be indirectly associated with IGF-I pathways via association

with phosphotyrosine containing peptides derived from IRS-1.  Fibronectin stimulated

integrins in breast cancer cells are thought to interact with SHC proteins, thereby

regulating cell adhesion and motility (86), important factors in metastasis.  It is thought

likely that by phosphorylating different residues on the IRS proteins, different signaling

pathways are initiated (54).  While much still needs to be elucidated regarding the IGF-I

signal cascade, IGF-I signal transduction likely results from IGF-I-IGF-IR interaction

plus contributions from other ligand-receptor pathways such as the integrin pathway (80).

For example, regulation of apoptosis in mouse mammary epithelial cells via the PI-3

kinase pathway by the ECM (19) is interesting because the PI-3 kinase pathway is part of

the IGF-IR stimulation pathway (54) and because integrins are cell receptors for the ECM

proteins (17).
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IGF-IR Insulin-like growth factor receptor. Binding of IGF-I causes
autophosphorylation of tyrosine kinase domains on b-subunits; this creates
high affinity binding sites for intracellular signaling proteins.

SHC SRC/collagen-homology protein. An adapter protein that binds to
autophosphorylated sites on IGF-IR and subsequently becomes
phosphorylated; leads to the Ras/Raf pathway and to the MAP kinases.

IRS-1

through

IRS-4

Insulin-receptor substrates 1 through 4.  Adapter proteins that bind to
autophosphorylated sites on IGF-IR and subsequently become
phosphorylated.  They connect IGF-IR to several possible pathways and lead
to the PI 3 kinase pathway or the Ras/Raf pathway and the MAP kinases.

Grb 2 Growth factor receptor bound protein-2.  Adapter protein that associates
with mSos and leads to the Ras/raf pathway and MAP kinases.

Crk II Crk protein from Crk gene (pronounced “crack”). Adapter protein; an
expressed proto-oncogene. Rapidly tyrosine phosphorylated by IGF-I and
leads to the Ras/raf pathway and to the MAP kinases.

mSos Guanine nucleotide exchange factor “Son of Sevenless.”  Complexes with
Grb 2 to catalyze Ras-GDP to Ras-GTP (activated Ras).

Ras Intracellular signal transduction protein encoded from the Ras proto-
oncogene.  A monomeric guanine nucleotide binding protein.  Activated Ras
activates Raf or other downstream components; activates MAP-kinase.

MAP-

kinase

Microtubule-associated protein or mitogen activated protein kinase.
Activated MAP-kinase moves from cytosol to nucleus; phosphorylates other
protein kinases, gene regulatory proteins, Jun, or SRF Elk-1 complex. Other
signals can converge here; gene response dependent on activation of the
specific molecules/complexes at this point. Cells stimulated to proliferate or
differentiate.

p85

subunit

Molecular weight 85K regulatory subunit of PI-3 kinase. May bind to IGF-
IR directly, a link to PI-3 pathway.

PI-3

pathway

Phosphatidylinositol 3’ kinase pathway.  Regulates apoptosis, glucose
transport and metabolism, protein synthesis, mitosis, and differentiation.

nck Nck  is a cytoplasmic protein consisting of the src homology units; includes
one SH2 and three SH3 domains. Encoded from a melanoma cDNA ; an
adapter protein.

syp An adapter protein, otherwise known as a tyrosine phosphatase. Associates
with IRS-1. Responds to EGF and PDGF stimulation, but can indirectly be
associated with IGF-I via association with phosphotyrosine containing
peptides derived from IRS-1.

Table 1.1.  Selected components of the IGF-I signaling pathway (17,53,54,80-84).
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1.2.8  Extracellular matrix (ECM)

The cell-produced ECM consists of polysaccharides and proteins such as collagen,

fibronectin, and laminin (17).  The functions of the ECM are to provide physical support

and to provide stimuli for developmental growth and physiological function.  The

epithelium consists of an epithelial cell sheet above the basal lamina, a network of ECM

proteins.  That the ECM is important for cell growth, morphology, and functional

differentiation is known, but the details of how and why have yet to be elucidated (87).

Cell secreted ECM components may be expected to vary according to species and cell

types.  For example, the ECM of the Engelbreth-Holm-Swarm (EHS) sarcoma has been

characterized (88).  Known as Matrigel, this reconstituted basement membrane matrix

has been found to better maintain many epithelial cell lines.  Matrigel is composed of

60% laminin, 30% collagen IV, 5-6% nidogen/entactin, and 3% heparan sulfate

proteoglycan.  Not included in Matrigel are collagen I and fibronectin, additional ECM

proteins found in the connective tissues of most animal cells (17).  Although bovine

mammary ECM characterization has not been reported in the literature, main components

of animal ECM and basement membrane have been reported as collagen, fibronectin, and

laminin (61).  The components of ECM in bovine endometrium have been reported;

collagen and laminin were found in epithelial tissue, fibronectin was found in the stroma,

and laminin was found in vascular tissue (89).

Integrins are the primary cell surface receptors for ECM molecules, and are important in

connecting ECM molecules to the cytoskeleton of the cell (17). Other interactions with

signaling pathways within the cell have yet to be elucidated.  Addition of ECM proteins
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to the growth substrate of cultured cells has been found to influence cell differentiation

and the expression of cell-specific proteins by different cell types.   For example, the

substratum on which fresh mouse mammary epithelial cells are grown affects cellular

differentiation and the secretion of milk proteins (90).  Components of the ECM, or

basement membrane, have been found to increase cell differentiation in mouse mammary

epithelial cells (91).  Growth of mouse mammary epithelial cells in rat-tail collagen I gels

demonstrated an inhibition of insulin signaling as compared to the growth of cells grown

on fibronectin or EHS matrix (92).  A connection between integrin signaling and

apoptosis via insulin signaling pathways has been reported, and it is matrix-specific

(19,92).  Compared to growth on plastic or collagen, cell growth on laminin has been

found to inhibit IGF-I dependent proliferation of breast cancer cells in the presence of

estrogen (93).  Studies using rat granulosa cells show that the ECM components laminin

and fibronectin are important in the differentiation of granulosa cells to luteal cells.  This

is thought to likely act via stimulation of an integrin by the ECM components (94).  This

provides evidence of overlap between the integrin signaling and the growth and

differentiation pathways, but does not elucidate mechanisms.

Of the ECM proteins, the focus here is on collagen I.  Although there is little specific

information, there is a growing amount of literature connecting tissue development and

cell protein expression with ECM proteins.  Studies looking at the growth of primary

bovine epithelial cells from lactating animals cultured on collagen I substratum found that

the synthesis and secretion of the milk proteins alphas1-casein and lactalbumin were

dependent both on the presence of collagen I and on whether the collagen I was attached
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or detached (i.e. “floating”) (95).  Furthermore, bovine cell differentiation and the

synthesis and secretion of casein and lactoferrin were greater for cells grown on a thicker

(as compared to thin) collagen gel in vitro.  Lactoferrin is important in the IGF-I axis

because it binds with IGFBP-3 (96).  When primary epithelial cells grown on tissue

culture plastic or collagen are compared to cells embedded in collagen or EHS-matrix,

synthesis and secretion of lactoferrin are impacted by growth on the different substrata

(97).  Cells cultured on collagen secreted increased lactoferrin, but only cells cultured on

the EHS tumor-derived matrix accumulated intracellular lactoferrin.  The lowest

lactoferrin secretion was found by collagen embedded cells under serum free conditions.

Clearly growth on the different ECM substrata regulated lactoferrin synthesis and

secretion, which might ultimately impact IGFBP-3 availability.

The ECM proteins are thought to have temporal importance in the mammary gland.  For

example laminin, but not collagen, is found in the vicinity of actively growing mouse

endbuds (98).  Laminin is also thought to affect differentiation (94) and stimulate casein

expression (91).  Both laminin and fibronectin have been found to be important in the

differentiation of rat granulosa cells in culture (94).  Fibronectin applied topically to

hepatic surgical sites in mice inhibits the adherence of a mouse mammary carcinoma cell

line (16).  The mechanism is unknown.

b-casein gene expression has been found to be regulated by the ECM and lactogenic

hormones in culture (99).  That regulation occurs at the transcriptional level has been

demonstrated through functional assays and the development of a mouse mammary
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epithelial cell strain COMMA-1D that secretes high levels of b-casein.  Studies using

primary bovine mammary epithelial cells from lactating glands demonstrate that cells

grown on collagen-coated inserts secrete high levels of casein (100).  Cells grown on

laminin-coated inserts did not secrete measurable amounts of casein after six days, and

cells grown on EHS-matrix coated inserts secreted fluctuating amounts of casein.

Clearly, ECM proteins were impacting the levels of casein expression.

A connection between IGFBP-3 expression and ECM proteins in bovine mammary

epithelial cells has not been reported.  A study to determine how ECMs regulate IGF-I-

and EGF-stimulated proliferation of mouse mammary epithelial cells found that the

combination of IGF-I and EGF in serum-free culture increased cell proliferation on

collagen I, collagen IV, fibronectin, and laminin when compared to cell proliferation on

poly-L-lysine coated plates (98).  Poly-L-lysine is a nonspecific attachment factor and is

used as a control attachment surface.  IGFBP-3 and IGFBP-2 were increased in the

presence of IGF-I (300ng/mL) in the mouse mammary epithelial cells plated on collagen

I, fibronectin, and poly-L-lysine.  Of the three examined, collagen I yielded the highest

levels of IGFBP-3 and of IGFBP-2.  IGF-IR expression by cells on poly-L-lysine and on

collagen I was increased compared to IGF-IR expression by cells on collagen IV, on

fibronectin, and on laminin, which is important in that greater IGF-IR expression

increases the number of available receptors for interaction with IGF-I.  Although the

mechanism for these IGF-I axis results from different ECM proteins in the study is not

known, it leaves open the possibility of cross-reactivity between the IGF-I axis and
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integrin signaling, as ECMs are thought to regulate phenotype via the integrins, cell

surface receptors of the ECM (101).

1.2.9  Collagen I

Collagen I is a fibrous protein consisting of a triple helix of polypeptide chains, and this

fibrillar collagen is approximately 300 nm in length (17).  This ECM protein was the

focus in this dissertation because it is secreted by many epithelial cells and is commonly

found throughout the animal kingdom (17).  Collagen I is typically secreted by skin and

other connective tissue cells and forms long fibrils in skin, tendon, and bone (20).

Collagen I is frequently used for gels in in vitro cell research to improve phenotypic

expression and differentiation of cells in a three-dimensional environment (102).   It has

been shown that IGF-I stimulated human breast cancer cells have increased thymidine

incorporation when cultured in collagen I coated wells as compared to laminin coated

wells (93).  Collagen I was also found to increase IGFBP-3 and IGFBP-2 secretion by

IGF-I stimulated mouse mammary epithelial cells in culture as compared to fibronectin

(97).

1.2.10  Other important ECM proteins

In addition to collagen I, there are other ECM proteins commonly found in the ECM

basal lamina of epithelial cells, and coatings of these proteins are examined in

preliminary studies with MAC-T cells (Chapter 5).  Collagen IV forms a sheet via a two-



29

dimensional cross-linked network (17).  It is an important structural component of all

basal lamina (20) and approximately 400 nm in length (17).  Laminin is a structural

component of all basal lamina (17).  The molecular structure consists of three polypeptide

chains, has a MW of 820,000, and has the shape of a cross.  Laminin has a high affinity

for binding with other basal lamina molecules (20) and is approximately 120 nm in length

(17).  Fibronectins are multiadhesive proteins that attach cells to the collagens (20).  They

are the smallest of the ECM proteins described here with a length of approximately 60

nm (17).  They are composed of two polypeptides linked by two disulfide bonds.  They

have been identified as important in attaching cells to ECM components, particularly as

the lack of fibronectin (and therefore lack of adhesion) has been linked to tumor cells

(17). However, the ability of fibronectin to adhere to integrins depends on the absorption

of  the protein to a particular surface (20).  Fibronectin on tissue culture surfaces

promotes cell adhesion, and it is thought that this is due to the exposure of a segment of

the fibronectin protein to the cell (20).  When in blood or in solution, fibronectin does not

bind to fibroblast integrins (20).  Fibronectin receptors include a3b1, a4b1, and a5b1

integrins (20).

1.2.11  Integrins

Integrins are transmembrane signaling molecules that interact with components of the

ECM  (17). Since it is known that cells interact with ECM proteins such as collagen I via

integrins, the possibility of an integrin-initiated cross-reactivity with the IGF-I signaling

pathway to induce changes in binding protein secretion was considered.  The following
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section is an introduction to integrins with this possibility in mind for future

investigations of interactions of MAC-T cells with ECM proteins.

The integrin structure is a heterodimer consisting of an a-chain and a b-chain, two

glycoprotein subunits that are covalently associated (17).  The major integrin found in

human luminal mammary epithelial cells is the a2b1 integrin (103).  The integrins are

attached intracellularly to the cytoskeleton, which provides structure to the cell (17).

Extracellularly, the integrins attach weakly to components of the ECM.  This "weak

attachment" is due to the lower affinity of the integrins to ECM molecules as compared to

the affinity of other signaling molecules to ligands (17).  This weaker attachment allows

cells to migrate (17).  Integrins may bind only to one ECM component such as laminin,

or they may bind to multiple components of the ECM (17). There are at least 20 different

known integrin heterodimers, consisting of different pairings of a- and b-subunits (17).

b1-integrins are involved in mouse mammary epithelial cell proliferation, apoptosis, and

cell polarity maintenance (104).  These studies were performed using transgenic mice

with mutant integrins.  No IGFBP levels were reported.  Also, as stated in the ECM

section, a connection between integrin and insulin signaling has been reported, and it was

matrix-specific (19,92).  The connection was apoptosis inhibition, which occurs with the

stimulation of the insulin pathway.  The possibility of integrin stimulation impacting

points in the insulin pathway strengthens the hypothesis of indirect IGFBP-3 regulation

via ECM-integrin interaction.  Interestingly, the binding proteins IGFBP-1 and IGFBP-2

have been found to have an RGD sequence similar to molecules that interact with



31

integrins (105).  This suggests that integrins may respond to IGFBPs as well as ECM

proteins, providing a feedback system.  Epithelial cells transfected to produce IGFBP-1

show greater migration than untransfected cells. This effect is independent of IGF-I

action (105).

Since cells are known to interact with ECM proteins such as collagen I via integrins

(17,20), it is hypothesized that an integrin-initiated cross-reactivity with the IGF-I

signaling pathway induces changes in binding protein secretion.  The modulations of the

mammary epithelial response by autocrine IGF-I and by collagen I gel illustrate that

downstream responses typical of the IGF-I signaling pathway can be modified by

adjustments of proteins already in the cellular environment.
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2.1 Abstract

Binding of growth factors by cell-surface receptors is an essential means by which cells

regulate normal tissue growth and differentiation. Exposure to growth factors is often

transient, and our goal was to determine whether short-term exposure to insulin-like

growth factor-1 (IGF-1) would lead to activation, assayed as cell proliferation, of

mammary epithelial cells. The MAC-T cell line is an immortalized bovine mammary

epithelial cell line, chosen as our model mammary cell line because of its known

sensitivity to IGF-1.  Using the Cytosensor® Microphysiometer System, a biosensor

capable of measuring extracellular acidification, we were able to measure activation of

the cells owing to IGF-I addition in real time and found that peak acidification occurred

in only 14 min. We show that this rapid response to IGF-1 is dose dependent and specific

for IGF-1.   A significant increase in [3H]thymidine incorporation by cells after a similar

short-term exposure to IGF-1 suggests that the measured increase in extracellular

acidification following IGF-1 addition is physiologically relevant.  This technology offers

a new, novel, and rapid means for the study of IGF-1 activity, as well as the screening of

IGF-1 inhibitors, in mammary epithelial cells.

Key Words:  Insulin-like growth factor-1; microphysiometer; mammary epithelial cells;

MAC-T.
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2.2 Introduction

Insulin-like growth factor-1 (IGF-1) plays a role in the normal function of the mammary

gland, including the stimulation of mammary growth and the secretion of milk (1).

Recent reviews (2-4) provide evidence that IGF-I, supplied by the circulation or by local

tissue synthesis, promotes mammogenesis.  Forsyth et al. (5) and Hovey et al. (2) have

provided direct evidence for synthesis of IGF-1 in the developing ovine mammary gland,

and we (6) have reported that IGF-1 contributes to much of the mitogenic activity of

bovine mammary tissue extracts.  In addition, we have previously found that the

synthesis of IGF-1 and IGF binding proteins (IGFBPs) in the prepubertal bovine

mammary gland is affected by treatment with bovine somatotropin and by feeding (7).

Regardless of the IGF-1 source, the effects of IGF-1 on mammogenesis depend on the

stimulation of cell proliferation and on the interaction of IGF-1 with receptors in the

epithelium.  Current cell culture methods of analyzing these interactions focus primarily

on static culture assays that allow time for binding, downstream processing, and long

term activation. In vivo, fluid flow can alter cell exposure time to IGF-1.  The

development of new tools to analyze IGF-1 stimulation and screen potential IGF-1

inhibitors in real time that can be correlated to long term effects such as cell proliferation

are potentially valuable.

Cell activation by an extracellular growth factor such as IGF-1 is initiated by binding to a

transmembrane receptor molecule (8).  The signal generated is specific to the activated

receptor although there can be cross-reactivity between signaling ligands as evidenced by
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IGF-1 and insulin, both of which can signal via the type I IGF-1 receptor (IGF-1R) and

via the insulin receptor (9).  Both are heterotetrameric receptors composed of two

extracellular a-subunits and two transmembrane b-subunits (10).   Despite structural

similarities, there appear to be unique intracellular substrates for both IGF-1R and insulin

receptor that likely impact the differences in activity (9).  However, both ligands can

induce cell proliferation through the IGF-1R, although a higher concentration of insulin is

required (11). This difference in concentration is related to the different affinities of the

two molecules for the IGF-IR (12).  For IGF-1 signaling, ligand-receptor binding is

further complicated by the availability of extracellular IGFBPs, which can alter binding

dynamics (13-15).

In the present study, we focused on the interaction of IGF-1 with the MAC-T cell line

because of the importance of the IGF-1 axis on bovine mammary development.  The

MAC-T cell line was developed by transfecting primary bovine mammary epithelial cells

with the SV-40 large T-antigen (16).  This cell line retains the hormonal responsiveness

of the primary mammary cells and is responsive to IGF-1, but is not responsive to

physiological concentrations of insulin (17, 18).  To investigate the real-time response of

MAC-T cells to IGF-1, we chose to use the Cytosensor® Microphysiometer System

(Molecular Devices, Sunnyvale, CA).

The microphysiometer is capable of detecting rapid binding of ligand to cell-surface

receptors by detecting the extracellular acidification induced on receptor activation (19).

Living cells acidify the extracellular environment as a result of metabolic activity within
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the cells (20).  The microphysiometer is unique in that it can measure the extracellular pH

change on-line and allows one to report measured response with little delay time.  It is

configured with four separate cell chambers and flow paths to allow the simultaneous

measurement of four separate cell samples.  Typically, a low-buffer media is pumped

across a monolayer of living cells in 2-min cycles, and the pH is recorded each second

throughout the cycle.  Toward the end of each cycle, the pump is stopped, allowing the

metabolic by-products from the cells to accumulate in the cell chamber.  Accumulation of

by-products from cell stimulation leads to a  decrease in the pH of the cell chamber

which, owing to the small fluid volume (1.4 µl) in the cell chamber, can be quantified.

This pH change is referred to as the extracellular acidification rate (ECAR).  ECAR is

essentially constant for equilibrated cells but is altered in the presence of stimulant.

Numerous studies have coupled changes in ECAR with the introduction of specific ligand

(21-23). Chan et al. (21) examined the stimulation of heregulin receptors by heregulin-a

in the presence of HER2 and HER3 in human mammary and ovarian carcinoma cells.  In

a study by Pitchford et al. (22), the stimulation of tyrosine kinase receptors for nerve

growth factor by nerve growth factor resulted in a detectable response that was dose

dependent.  Similarly, autocrine stimulation by transforming growth factor-a in B82

mouse fibroblast cells was recently examined and a reduction in ECAR owing to the

addition of antibodies against the autocrine receptor was demonstrated (23).  In the

present study, we sought to quantify cellular response to IGF-1 and to determine whether

a similar short-term exposure would lead to a measurable cell downstream cellular

response.  Exposure of the cells to IGF-1 did lead to dose-related changes in ECAR. This
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response is specific for IGF-1 and was inhibited by IGFBP-3.  More importantly, this

transient exposure can be correlated to proliferation, indicating the physiological

relevance of this signal.  Our work validates this technique for the study of IGF-1

stimulation and suggests a new method for screening potential IGF-1 inhibitors.

2.3 Results

Optimization of Parameters for the MAC-T Cell Line on the Microphysiometer

The MAC-T cell line has not been examined previously using the Cytosensor®

Microphysiometer System, and, hence, optimization of conditions for evaluation of

growth factor stimulation was needed.  Optimization of this system included testing of

seeding densities of MAC-T cells, IGF-1 challenge concentrations, IGF-1 challenge

duration, and the number of challenge repetitions to which the cells would maximally

respond.  Optimized parameters for this cell line included a cell seeding density of 4.5 x

105 cells/transwell (5 x 105 cells/mL) followed by serum starvation for 72h.  Percentage

ECAR (%ECAR) peak values were obtained within 14 min as shown for IGF-1 at 5

ng/ml (Figure 2.1).  There was some variation in the peak value obtained between

experiments performed on different days with, e.g., 10 ng/mL of IGF-1 resulting in peak

%ECAR values between 110 and 116.  Single challenges were used for analysis because

repeated challenges with IGF-I lead to a reduced %ECAR response, indicative of some

type of down-regulation within the stimulation pathway (Table 2.1).  However, the

desensitivity is not strictly owing to receptor downregulation, because a 14-min exposure

to IGF-1 did not significantly reduce the availability of receptor binding sites (Table 2.2).
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Figure 2.1.   Representative plot of microphysiometer measured response by MAC-T
cells to 5 ng/mL of IGF-1.  Transwells were seeded at 5 x 105 cells/mL and equilibrated
for 1 h in running buffer prior to stimulation.  Tracings for three channels are shown.
Channels received IGF-1 at 5 (=,<) or 0 (°) ng/mL for 22 min followed by a switch to
running buffer.  Arrows indicate the valve switch to IGF-1 (1) and the return switch to
control running buffer (2).  Data are normalized to baseline at a point designated 0 min.
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Table 2.1

Decreased Response by MAC-T Cells with Repeated IGF-I
Stimulation

IGF-I Challenge 10 ng/mL
IGF-I

100 ng/mL
IGF-I

200 ng/mL
IGF-I

Challenge 1

Challenge 2

Challenge 3

100.0 ± 0.1

53 ± 5

56 ± 29

100.0 ± 0.3

40 ± 13

100.0 ± 0.2

34 ± 12

Results are reported as % of maximum response above normalized baseline for each
concentration.  Each result is the average of 2 or 3 different cell chambers from a single
experiment.  Similar results found with repeat experiment. Standard error is shown.
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Table 2.2

Effect of Short Term Exposure to IGF-I on IGF-IR

Calculated
Parameters

No preincubation
of cells

Preincubation
with IGF-I
(50 ng/ml)

Receptors (#/cell)

Kd  (M)

KN (#/cell)/ (M)

45,000 ± 9,000

6.2 ± 2.0 x10-10

0.0076 ± 0.0014

33,000 ± 6,000

6.2 ± 1.8 x10-10

0.0086 ± 0.0010

Values are calculated from binding studies (8 concentrations, 3 wells/concentration) with
wells exposed to 0 (control) or 50 ng/ml (6.5 x 10-9 M) IGF-I. Parameters were calculated
with Mathematica® using the ligand-receptor binding model (Appendix A).  Standard
error is shown.
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IGF-I Concentration Dependency of ECAR Response by MAC-T Cells

We wished to determine whether this rapid ECAR response was concentration dependent

and whether a maximal stimulation response occurred.  The MAC-T response to varying

concentrations of IGF-I was determined by exposing cells to IGF-1 for 14 min at

concentrations ranging from 0 to 200 ng/ml (Figure 2.2).  Minor day-to-day variation was
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Figure 2.2.  Effect of IGF-I on microphysiometer measured MAC-T response.
Transwells were seeded at 5 x 105 cells/mL and exposed to IGF-I concentrations from 0
to 200 ng/mL for 14 min.  Peak %ECAR responses were seen with 100 ng/mL.  The
percentage of maximum response for each concentration was determined as the
percentage of the 100 ng/mL response.  Each point represents the mean ± SEM for at
least two data points and at least two separate experiments.
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noted with cells from different experiments; however, consistent dose-dependent

responses were noted in all individual experiments.  There was an increase in ECAR in

response to increasing concentrations of IGF-1 with a maximal ECAR response resulting

from exposure to 100 ng/ml IGF-1.  Note, however, that concentrations higher than 200

ng/ml were not examined because higher concentrations would fall outside the

physiological range.

Stimulation by IGF-1 Is Specific    

Because IGF-1 stimulation has not been studied previously using microphysiometry,

specificity of response was investigated.  Insulin at concentrations <100 ng/ml is unable

to displace bound IGF-I from MAC-T (17), and only at high concentrations (1000 ng/ml)

does insulin stimulate these cells to proliferate, likely via cross-reactivity with IGF-1R

(24).  Similar response profiles are found with short-term exposure to insulin using the

microphysiometer (Figure 2.3).  Insulin at 10 ng/mL gave a lower response than IGF-1 at

10 ng/mL and was not significantly different from control (p<0.05).  In agreement with

previous studies examining cell proliferation following long-term exposure (72 h) to

insulin, high concentrations (1000 ng/mL) did lead to increased ECAR during the 14-min

challenge even beyond that of 10 ng/mL IGF-1. Transient exposure to IGFBP-3 (300

ng/mL) in the absence of IGF-1 was not significantly different from control (p<0.05),

confirming that specific cellular interaction is required for ECAR response and in

agreement with our previous study showing that long-term exposure (16 h) to IGFBP-3
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did not stimulate proliferation of MAC-T cells (25).  Simultaneous exposure to IGF-1 (10

ng/mL) and IGFBP-3 (300 ng/mL) did lead to a significant reduction in ECAR compared

to IGF-I alone (p<0.05) - further evidence that changes in ECAR relate to specific cell

association of the IGF-1.
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Figure 2.3. Effect of insulin and IGFBP-3 on microphysiometer measured MAC-T
response.  Transwells were seeded at 5 x 105 cells/mL and exposed to IGF-1 (10ng/mL),
insulin (low, 10 ng/mL; high 1mg/mL) or IGFBP-3 (300 ng/mL) ± IGF-1 (10 ng/mL) for
14 min.  The response is reported as the percentage of the 10 ng/mL IGF-1 response.
Bars represent means ±SEM for at least two data points.  *Significant difference from
control (no additive) (p<0.05).
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Growth Response Resulting from Short-Term Exposure to IGF-I

To determine whether the ECAR signaling owing to transient exposure to IGF-1 would

correlate with downstream cell activity, [3H]thymidine incorporation studies were

conducted.  Exposure to IGF-1 for 14 min led to a significant (p<0.05) dose-dependent

increase in [3H]thymidine incorporation (Figure 2.4A).  Even at a concentration as low as

This is not to suggest that longer exposure time does not have an effect on proliferation,

since incorporation was significantly higher with 16 h exposure (Figure 2.4A).  However,

the overall response profiles for the 16 h and 14 min IGF-1 exposure are similar, with

both reaching a plateau at 100 ng/ml (Figure 2.4B).  Furthermore, comparison of the IGF-

1 concentration dependence, assayed using either microphysiometry or [3H]thymidine

incorporation, yields half-maximal effective concentrations (EC50) that differ by less than

an order of magnitude (Figure 2.5).
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Figure 2.4.  Mean [3H]thymidine incorporation by MAC-T cells in response to IGF-1.
MAC-T cells were cultured in 24-well plates in the presence of IGF-1 for 16 h (1) or 14
min (<), followed by fresh serum-free media for the remaining 15 h and 46 min.  A 2-h
pulse with 1 m Ci of  [3H]thymidine followed.  (A) Direct cycles per minute for
[3H]thymidine incorporation is shown.  Bars represent means ±SEM from four wells at
each concentration. *Significant difference from control (0 ng/mL of IGF-I) (p<0.05).
Significance was determined separately for the 14-min and the 16-h treatment data sets.
(B) Response shown is the percentage of the maximum response (100 ng/mL of IGF-1).
Bars represent mean ±SEM.10 ng/mL IGF-1, [3H]thymidine incorporation was
significantly greater (p<0.05) than for the control.
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2.4 Discussion

Regardless of whether IGF-I is provided to mammary tissue via the circulation or local

tissue cells, the stimulation of cell proliferation influences mammogenesis.  Our data

serve to support the use of the microphysiometry to study the effects of IGF-1 in bovine

mammary epithelial cells and to provide evidence for physiologic relevance for the short-

term response experimentally observed.  Use of the microphysiometer with the MAC-T

cell line offers a reductionist biological model to study the effects and regulation of IGF-

1 on mammary cells.  Namely, it offers a means to measure responses in real time of a

single clonal cell line in defined media.  Although the use of isolated cell lines sacrifices

the feedback mechanisms involved in tissue architecture, it significantly simplifies the

system and allows less ambiguous interpretation of results.  Contributions of IGFBP

interaction and other factors in IGF-1 inhibition may also be more readily studied.

The conditions used for our studies were optimized for the MAC-T cell line; however,

note that extension of this technology to other systems would require individual

optimization.  For example, Oehrtman, et.al. (26) indicated an optimal seeding of 2.5

x105 cells/transwell with no serum starvation for investigating epidermal growth factor

(EGF) stimulation of B82 mouse L-cells transfected to express human EGF receptor.

Chan et al. (21) seeded mammary carcinoma cells at 3x105 cells/transwell and serum

starved the cells for 24 h before testing with heregulin.  Serum starvation synchronizes

MAC-T cells (27) and was valuable for linking our short-term studies with cell

proliferation.  The prevalence of growth factors in serum, which can lead to receptor
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downregulation, also makes serum starvation a helpful technique for increasing signal

generation. It is however, not essential to the technique.  The time required for peak

response to IGF-1 (Figure 2.1) is in agreement with other tyrosine kinase receptors (19,

21, 26) and is slow in comparison with G-coupled receptors (28, 29).  This alone,

however, does not illuminate which intracellular pathways are involved in the

stimulation.  Certainly the essentially immediate rise in %ECAR following addition of

IGF-1 is similar to what has been seen using immunoprecipitation and Western blotting

for phosphorylation of IGF-1R (30) and insulin receptor substrate-1 (IRS-1) (31) and

IRS-2 (32), early phosphorylation events.  Peak phosphorylation of downstream targets

such as Shc (32) or mitogen-activated protein kinase (33,34), assayed again using

immunoprecipitation and Western blotting, peaked at times on the order of 10 min, more

in line with what we see regarding peak %ECAR.  Our studies, however have focused

simply on the question of whether short term exposure to IGF-I can lead to downstream

signaling.  The addition of pharmacologic agents that interfere with specific pathways

would be needed to decipher which steps within the stimulation pathway are involved in

the process (22,35).

We found the signal response by cells on the microphysiometer to IGF-I to be rapid

(Figure 2.1) and concentration dependent (Figure 2.2).  Peak stimulation was seen with

100 ng/mL as the addition of 200 ng/mL did not lead to significant additional stimulus

(Figure 2.2).  This does not necessarily imply a saturation of IGF-1R, as receptor levels

are not significantly reduced (Table 2.2), but a desensitization of some critical step in the

extracellular acidification pathway may be occurring.  To determine whether this short-
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term exposure to IGF-I corresponded with cellular response, companion studies of

[3H]thymidine incorporation following IGF-I addition were conducted  (Figure 2.4A).

However, response profiles for maximal stimulation within each system were similar

(Figure 2.5), leading to EC50 values within the same range. These data strongly support

our conclusion that changes in extracellular acidification in response to IGF-I are

physiologically relevant although they do not necessarily correspond directly with cell

proliferation.

Although maximal responses to the addition of IGF-1 occurred on the microphysiometer

approx 14 min following the addition of the growth factor to the environment, responses

to IGF-1 were generally evident within the first 2 min cycle of IGF-1 exposure (Figure

2.1).  This result confirms that the microphysiometer can detect rapid real time

stimulation by IGF-1.  IGF-1 has not been investigated previously using

microphysiometry although several other growth factors have been examined

(20,22,26,35-37).  We confirmed the specificity of the MAC-T cell response to IGF-1 by

comparing the response with insulin (Figure 2.3).  Our findings indicate a lack of

response to a low physiologic concentration of insulin, which is in agreement with our

earlier work indicating a lack of proliferative response to insulin at low concentrations

(24).  The addition of insulin at higher concentrations known to displace IGF-1 from

IGF-1R (17) and to stimulate cell proliferation (24) similarly induced an acute change in

ECAR (Figure 2.3).
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The development of novel IGF-1 regulators may be facilitated by investigations using

microphysiometry.  For example, IGFBP-3 is known to bind with high affinity to IGF-1

in culture (38) and has been shown to affect IGF-1 stimulation of MAC-T cells (25).    In

addition, IGFBP-3 is currently being investigated as an IGF-1 independent tissue

regulator (39) particularly of apoptosis (40).  Our studies (Figure 2.3) are in agreement

with our previous work (24) showing that IGFBP-3 affects MAC-T stimulation via an

IGF-1- dependent rather than an IGF-1-independent activity.  This by no means implies

that IGFBP-3 can not act independently in other cell types but indicates that the

mechanisms by which this may occur are absent in MAC-T under our assay conditions.

Furthermore, it illustrates how microphysiometry can be used to investigate IGF-I

inhibitors, particularly under clearance conditions, and may allow a distinction to be

made between competitive and non-competitive inhibitors.

Our study shows that short-term exposure to IGF-I correlates with cell proliferation, an

important downstream activity.  We demonstrate that microphysiometry is a useful

technique for investigating IGF-I stimulation of mammary epithelial cells and that this

tool has the potential to assist in rapid initial screenings for potential IGF-I inhibitors or

to assist in deciphering regulatory pathways when used in conjunction with traditional

assays.  Furthermore, it suggests that microphysiometry may be a useful tool for studying

cell-mediated response for other mammary hormones both alone and coupled with IGF-I.
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2.5 Materials and Methods

Cell Culture

The MAC-T cell line was maintained in complete media composed of Dulbecco’s

modified Eagle’s medium (DMEM), 10 mL/L Antibiotic-Antimycotic (100X), 1 mg/L

gentamicin, 0.04 M NaHCO3, and 10% fetal bovine serum (FBS).  For cell studies, cells

were plated at 1x106 cells/dish and grown to confluency, typically 48 h.  Cells were then

seeded at the designated concentration in transwells (microphysiometer studies) or 24-

well plates ([3H]thymidine incorporation studies and receptor binding studies).  Cells

were used between passages 6 and 16.

DMEM, Antibiotic-Antimycotic (100X), gentamicin sulfate solution (10 mg/mL),

calcium-free Dulbecco’s phosphate buffered saline (DPBS), trypsin (2.5% lyophilized),

and FBS were purchased from Gibco (Grand Island, NY).  Enzyme Free Cell

Dissociation Solution was purchased from Specialty Media (Phillipsville, NJ).

Microphysiometer Experiments

Human recombinant insulin-like growth factor I (IGF-I) and human recombinant IGF

binding protein-3 (IGFBP-3) were purchased from Upstate Biotechnology (Lake Placid,

NY).  Bovine insulin was from Lilly (Indianapolis, IN).  Materials obtained from

Molecular Devices for use on the microphysiometer included low-buffer Roswell Park

Memorial Institute (RPMI) medium, capsule cup inserts, and spacer rings.   Cells were

seeded on tissue culture-treated transwells (polycarbonate membranes, 12 mm diameter,
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3.0 µm pore size) (Corning Costar, Cambridge, MA).  Transwells were seeded with

MAC-T cells at 4.5x105 cells/transwell in complete media.  Cells were incubated at 37°C

for 24 h and the media replaced every 24 h with media without FBS for the next 72 h.

RPMI (pH 7.4) supplemented with bovine serum albumin (BSA) (Fraction V; Sigma, St.

Louis, MO) was used as the running buffer.  Seeded transwell capsule cups were placed

in the microphysiometer and equilibrated for approx 1 h in running buffer pumped at 100

mL/min.  Cells were subsequently challenged with the protein of interest.  Optimal results

were obtained when each cell sample was challenged only once, and experiments for

which maximal response was at least 10% above baseline were used.

Binding Experiments

MAC-T cells were plated at a density of 4.5x105 cells/well in 24-well plates and

incubated in complete media for 24 h.  Media was then changed to serum-free media, and

spent media were replaced every 24 h.  Cells were exposed to IGF-1 for 14 min whereas

control cells were exposed to 14 min of fresh serum-free DMEM.  Cells were washed

with DPBS and incubated in binding buffer (0.5% BSA, 120 mM NaCl, 5 mM KCl, 1.2

mM MgSO4•7H20, 15 mM NaC2H3O2, 100nM HEPES, 10mM dextrose) at 4°C for at

least 20 min. Incubation with 125I-IGF-I followed for 3 h at 4°C.  The cells were washed

with DPBS,  0.3N NaOH was added, and the plates were incubated overnight at 4°C.  A

COBRA‘ II Auto-Gamma counter (Model D5002; Packard, Downers Grove, IL) was

used for quantification.
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Binding study results were interpreted using a simple one-site binding model (41).  We

assumed each IGF-1R was able to bind with one IGF-1 and that there was no receptor

synthesis, degradation, or trafficking within our experimental system.  Steady-state

binding was assumed to occur within the 3-h experimental period, and no spatial

dependence on concentration or ligand depletion was included.  Nonspecific binding was

assumed to be reversible and nonsaturable, and total bound IGF-1 reflected both specific

and nonspecific binding.  The equilibrium dissociation constant, Kd,, the nonspecific

association equilibrium constant, KN, and the total IGF-1R sites per cell were fit using a

least-squares fit of data to a nonlinear parameter model using Mathematica“ (Wolfram,

Champaign, IL).  This analysis is mathematically equivalent to determining the

nonspecific binding at a given ligand concentration based on linear extrapolation of the

nonspecific bound in the presence of a saturating quantity of IGF-1 (41) with the

advantage that this method utilizes the entire data set to determine the best fit of KN rather

than relying on a single measurement.

[3H]Thymidine Incorporation Experiments

 [3H]Thymidine uptake was measured as previously described (15).  Briefly, MAC-T

cells were plated at 5x104 cells/well in 24-well plates in complete media.  After 24 h, the

cells were serum starved for 72 h.  Cells were incubated with IGF-1 for 16 h or for 14

min, and the spent media was replaced with fresh media without FBS for the remaining

incubation time.  After 16 h, 100 mL of [3H]thymidine (20 mCi/mL) (ICN, Irving, CA)

was added to each well and incubation continued for 2 h.  Wells were washed with DPBS

followed by ice-cold 10% trichloroacetic acid and 100% ethanol washes.  Plates were
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then incubated overnight with 0.3 N NaOH.  Next, 3 N HCl was added to neutralize the

NaOH, and samples from each well were quantified (Tri-Carb 2100 TR Liquid

Scintillation Analyzer, Packard).  Data were analyzed using the GLM procedure of SAS

(SAS Institute).

Statistical Analysis

 For [3H]thymidine incorporation results, an analysis of variance was completed using the

GLM procedure of SAS (SAS Institute).  A Bonferroni (Dunn) T-test and specific

contrasts were performed to determine significance of differences between treatments.

For the microphysiometer studies, both the mean values and standard errors in Microsoft

Excel (Delta Method for standard error) were calculated based on at least two replicates.

Calculation of the EC50 based on the response profiles for microphysiometry and

[3H]thymidine were based on a saturation model equation and fit using KaleidaGraph

(version 3.09, Synergy Software).
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3.1 Abstract

Insulin-like growth factor-I (IGF-I) increases extracellular acidification rate (ECAR), a

measure correlated with proliferation for nonautocrine cells.  To evaluate the effect of

autocrine IGF-I secretion on cell responsiveness, a cell line that secretes IGF-I was

tested.  SV40-IGF-I cells also registered concentration-dependent increases in ECAR;

however, unlike the parental cell line, signal attenuation upon repeat challenges was not

evident.  Further, SV40-IGF-I cells did not proliferate in response to IGF-I.  We

investigated if lack of proliferation was due to differences in the protocols of the assays

([3H]thymidine incorporation and microphysiometry).  We identified three key

differences in the protocols: surface substrate, cell density, and fluid residence time.  We

found no increase in [3H]thymidine incorporation for cells on either tissue-culture plastic

or polycarbonate transwells.  Control levels of [3H]thymidine incorporation were cell-

density-dependent, but IGF-I did not increase proliferation at any density studied.

Finally, we investigated IGF-I stimulation for cells under microphysiometer flow

conditions and found no proliferative response to IGF-I.  We found that the cells do

respond to IGF-I with increased amino acid uptake.  These data suggest that IGF-I

signaling is operational in the SV40-IGF-I cells, but the transduction pathway for IGF-I

induced proliferation is compromised, despite the fact that these cells respond to fetal

bovine serum with increased growth.  Ongoing studies are focused on identifying which

elements in the signaling cascade are altered by autocrine secretion of IGF-I.
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3.2 Introduction

Insulin-like growth factor-I (IGF-I) is important for the normal growth and development

of the mammary gland (1-3).  Recent reviews (4-6) have reported that IGF-I promotes

mammary growth and development, whether IGF-I is supplied by the circulation or by

local tissue.  IGF-I has been shown to be synthesized in the mammary tissue of a variety

of species (5, 7-9), including bovine (10) and human (11).  Moreover, much of the

mitogenic activity of mammary extracts is attributed to IGF-I (12).  While the majority of

IGF-I is thought to be produced within the stromal cells of the tissue (13, 14), secretion of

IGF-I or IGF-II by mammary epithelial cells has also been reported (15-17).

Indeed, autocrine secretion of IGF has been proposed to be one means through which

malignant transformation of cells can occur (18).  Interaction of the IGFs with the IGF-I

receptor (IGF-IR) can activate intracellular pathways leading to cell proliferation (19) or

cell transformation (20-23).  Several studies indicate that IGF-II rather than IGF-I is

likely secreted by breast cancer cells (24-26); however, both IGF-I and IGF-II can

activate intracellular signaling by binding to IGF-IR.

Both primary cells and cell lines have been used extensively for in vitro studies of IGF-I

activity.  We recently reported (27) that the bovine mammary epithelial cell line, MAC-T,



80

responded to IGF-I with increased extracellular acidification (ECAR), a measurement of

cell activity made using microphysiometry (28).  This change in ECAR was specific for

IGF-I and occurred within minutes.  The response correlated well with IGF-I induced

proliferation.  In this study, we focused on the SV40-IGF-I cell line, a MAC-T based cell

line transfected to secrete IGF-I under the SV40 constitutive promotor (29).  These cells

express high levels of IGF-I, exhibit low levels of IGF-IR, and demonstrate marked

secretion of IGF binding protein-3 (IGFBP-3) not seen with the parental cells.   A lack of

proliferative response by the SV40-IGF-I cell line to insulin suggested that the

endogenous secretion of IGF-I had made the cells recalcitrant to exogenous IGF-I.  In the

present study, we sought to determine if the SV40-IGF-I cells were sensitive to

exogenous IGF-I stimulation and to determine how exogenous IGF-I might impact cell

activity.

 3.3 Results

IGF-I Stimulation of the SV40-IGF-I Cell Line on the Microphysiometer

The Cytosensor® microphysiometer measures changes in ECAR in response to

exogenous stimulant for a monolayer of cells (28).  The parental cell line, MAC-T, has

previously been shown to respond to IGF-I with increased ECAR in a dose dependent

manner (27).  SV40-IGF-I cells also respond to IGF-I exposure with increased ECAR

(Figure 3.1).  Preliminary optimization studies based on the parameters used for the

parental cell line indicated that SV40-IGF-I cells could be seeded at a lower cell density
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(2 x 105 cells/transwell) to obtain comparable DNA and microphysiometer stimulation

levels (data not shown).

Figure 3.1.  Representative plot of ECAR response by SV40-IGF-I cells to IGF-I
(5ng/mL). Transwells were seeded at 2 x 105 cells/cm2 and equilibrated for 1 h in running
buffer prior to addition of IGF-I.  Tracings for four separate channels are shown.
Channels received IGF-I at 5 ng/mL (u,l,n) or 0 ng/mL (m) for 14 min followed by a
switch to running buffer.  The arrows indicate the valve switch to IGF-I (1) and the return
switch to control running buffer (2).  Data normalized to baseline at the point designated
0 min.

The shape of the ECAR curve is similar to the response curve for MAC-T cells,

indicating a similar response time for both cell lines.  This result was somewhat

unexpected as the SV40-IGF-I cells have been shown to secrete at least 5.8 x 10-4 ng IGF-
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I per cell over a 72 h period (29) and one might anticipate interference in exogenous IGF-

I binding due to endogenous IGF-I.  However, SV40-IGF-I cells respond in a

concentration-dependent manner to IGF-I with a maximal ECAR response at approx 50

ng/mL (Figure 3.2).   Peak ECAR values were higher for the SV40-IGF-I cells than for
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Figure 3.2. Concentration-dependent effect of IGF-I on ECAR in SV40-IGF-I cells.
Transwells were seeded at 2 x 105 cells/cm2 and exposed to IGF-I concentrations from 0
to 100 ng/mL for 14 min.  Maximal ECAR responses were seen with approx 50 ng/mL.
The percentage of maximum response for each concentration was determined as the
percentage of the 50 ng/mL response.  Each point represents the mean ± SEM for at least
three data points from at least two separate experiments, except for the 100 ng/mL point
which is from two data points from one experiment.  Individual experiments yielded
similar results to composite figure.
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MAC-T cells, and the sensitivity was greater.  The half-maximal effective concentration

(EC50) was 2.9 ng/mL IGF-I for SV40-IGF-I cells compared with 4.3 ng/mL IGF-I for

MAC-T cells (27).  Furthermore, ECAR peak responses diminished for repeat challenges

with IGF-I for the MAC-T cells.  For example, a second challenge of MAC-T cells with

IGF-I (10 ng/mL) diminished the response by approx 50% (27).  For the SV40-IGF-I

cells, however, reduction in ECAR was minimal with repeated stimulation of the cells

(Table 3.1).

We also investigated the effect of rIGFBP-3 on IGF-I stimulation of SV40-IGF-I cells on

the microphysiometer (data not shown).  Although IGFBP-3 is secreted by the SV40-

Table 1
Response by SV40-IGF-I Cells

with Repeated IGF-I Stimulationa

IGF-I
Stimulation

10 ng/mL
IGF-I

25 ng/mL
IGF-I

50 ng/mL
IGF-I

Challenge 1

Challenge 2

Challenge 3

100.0 ± 8.1

94.8 ± 4.5

92.6 ± 2.8

100.0 ± 0.2

92.1 ± 2.1

100.0 ± 13.2

90.9 ± 7.4

aResults are reported as percentage of maximum response above normalized baseline for
each concentration.  Each result is the average of 4 different cell chambers from two
different experiments.  SEM is shown.

    Table 3.1
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IGF-I cells (29), addition of exogenous rIGFBP-3 can reduce [125I]-IGF-I binding at 4ºC

(data not shown).  Partial inhibition (24 - 43%) of the ECAR response with the addition

of rIGFBP-3 (0.5 - 200 ng/mL) to IGF-I (3 ng/mL) was seen on the microphysiometer.

Exposure to rIGFBP-3 (0.5 - 50 ng/mL) alone did not result in an increased ECAR (data

not shown), verifying the specificity of the IGF-I response.  It is likely that the rIGFBP-3

binds to the IGF-I either rendering it unable to bind to the receptor or rendering it inactive

in producing an ECAR response.  Regardless, this finding suggests that the SV40-IGF-I

response is mediated by IGF-I.

Exogenous Addition of IGF-I Leads to Increased Amino Acid Uptake

Increased amino acid uptake in response to IGF-I has been demonstrated for bovine

fibroblasts (30).  We investigated whether increased amino acid uptake in response to

IGF-I occurred in both the parental and autocrine cells.  Addition of exogenous IGF-I (5

ng/mL) resulted in increased amino acid uptake in both SV40-IGF-I and the parental

MAC-T cell line as measured by a-[1-14C] aminoisobutyric acid ([14C]-AIB)

incorporation following 6 h of incubation at 37ºC (Figure 3. 3).

Exogenous Addition of IGF-I Does Not Lead to Increased Cell Proliferation

We examined the effect of IGF-I addition on SV40-IGF-I cell proliferation assayed by

[3H]thymidine incorporation using both a short (14 min) exposure time that correlated

with the microphysiometer studies and a long (16 h) exposure time.  Basal, or control,

level of [3H]thymidine incorporation was normalized to 100 % (Figure 3.4).  There was

essentially no response in proliferation with exogenous IGF-I as measured by
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[3H]thymidine incorporation for either exposure time.  However, addition of fetal bovine

serum (FBS) increased proliferation (Figure 3.4), verifying that the cells are responsive.

The lack of IGF-I stimulation contrasts with our data for the parental cells (27), but was

not completely unexpected given that insulin (1 mg/ml) was previously shown to not

affect proliferation (29).

Figure 3.3.  Amino acid uptake determined by [14C]AIB incorporation. SV40-IGF-I (n)
and MAC-T (r) cells were plated at 2.6 x 104 cells/cm2 and switched to serum free
DMEM 24 h later.  IGF-I (0 or 5 ng/mL) was added for 6 h. [14C]AIB (4mCi/mL) was
added for 12 min.  [14C]AIB incorporation was quantified and results normalized to 100%
control for individual cell lines.  Mean ±SD is shown from at least duplicate samples.
Results are representative of three separate experiments.
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Figure 3.4. [3H]thymidine incorporation in response to IGF-I.  SV40-IGF-I cells were
cultured at 2.6 x 104 cells/cm2 in the presence of 0, 0.1, 0.5, 5, 50 and 100ng/mL IGF-I
for 14 min (r) followed by fresh serum-free media for the remaining 15 h and 46 min or
in the presence of IGF-I for 16 h (n).  Response shown scaled to percentage of the
control response (0 ng/mL IGF-I).  Bars represent means ±SEM.  Statistical analysis
showed no significant difference between control and IGF-I.  Addition of fetal bovine
serum (FBS) did significantly stimulate proliferation (*) at both treatment times (p<0.05).
A repeat experiment yielded similar results.

Cell Density Affects Basal Level but Not IGF-I Induction of Proliferation

Cell seeding for the microphysiometer and the proliferation studies differed by a factor of

approx 8 (2 x 105 cells/cm2 vs. 2.6 x 104 cells/cm2), so we investigated whether cell

density might be responsible for the lack of proliferative response to IGF-I.  Studies using

[3H]thymidine incorporation demonstrated that basal thymidine incorporation is higher at

lower cell seedings on a per cell basis.  However, there was no IGF-I stimulated
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proliferation at any of the densities tested (Figure 3.5), confirming earlier work (29)

showing that receptors were present on SV40-IGF-I cells and that cell binding on a per

cell basis did not show a density dependence (data not shown).

Similar Lack of IGF-I-Induced Proliferation on Tissue-Culture Plastic and

Polycarbonate Transwells

To determine if the growth substrate was responsible for the lack of a proliferative

response to IGF-I, we compared the response on tissue-culture plastic (Figure 3.4) with

the response on polycarbonate membranes of transwells (used for microphysiometer

studies) (Figure 3.6) at the same lower cell density (2.6 x 104 cells/cm2).  SV40-IGF-I

cells did not exhibit increased [3H]thymidine incorporation in response to exogenous

IGF-I on either surface; however, stimulation with FBS resulted in increased

[3H]thymidine incorporation.  MAC-T cells responded to exogenous IGF-I with increased

[3H]thymidine incorporation on both growth surfaces (data not shown).
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Figure 3.5. (A) Cell seeding density effect on [3H]thymidine incorporation. Direct
cpm/cell shown for [3H]thymidine incorporation of SV40-IGF-I cells at four different
seeding densities.  Bars represent means of three data points ±SEM.  No significant
differences found between control (r) and IGF-I (n) addition at any tested density.
Significance between densities is designated by lower case letters.  (B) Same as in panel
A except plotted on a per well instead of a per cell basis.  Two repeat experiments yielded
similar results.
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Figure 3.6. [3H]Thymidine incorporation by SV40-IGF-I cells (2.6 x 104 cells/cm2)
grown on transwell polycarbonate membranes.  Direct cpm [3H]thymidine incorporation
reported for cells exposed to 0, 1, 10, 100 ng/mL of IGF-I or 5% FBS scaled as
percentage of the 0 ng/mL response on transwell polycarbonate membranes. Open
columns (r) designate 14 min IGF-I or FBS exposure and solid columns (n) designate
16 h IGF-I or FBS exposure. Mean ±SEM is shown. Statistical analysis showed
[3H]thymidine incorporation was not  significantly different at the p < 0.05 level for all
treatments on transwells after 14 min.  Significant difference was found only for the
response to FBS on transwells after 16 h exposure (*).  A repeat experiment yielded
similar results.

Cell Proliferative Response to IGF-I is Unchanged Under Flow

To obtain the sensitive pH measurement required for ECAR determination, the

microphysiometer is designed to flush the cell environment between periods of pH

measurement (28).  We postulated that this fluid exchange might remove endogenous

IGF-I from the local environment, thereby creating an opportunity for exogenous IGF-I
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to stimulate the cells.  Low cell seeding was used to maximize the possibility for cell

proliferation (Figure 3.5), and cells were examined under both flow and stagnant

conditions.  Incorporation of bromodeoxyuridine (BrdU) by control cells was decreased

with flow, but there was no change in response with the addition of exogenous IGF-I for

either condition (Figure 3.7).

Figure 3.7.  BrdU incorporation by SV40-IGF-I cells exposed to IGF-I (50 ng/mL; (n))
under either stagnant or flow conditions. SV40-IGF-I cells seeded at 2.6 x 104 cells/cm2

were maintained either in a 37°C incubator for stagnant exposure or on the
microphysiometer for flowing exposure (100 mL/min) during the 16 h IGF-I exposure
time.  Control (r) transwells received buffer without IGF-I. Differences between control
and IGF-I exposure was non-significant for either condition. However, the rate of
labeling was decreased (p < 0.05) with flow conditions (*).  A repeat experiment yielded
similar results.
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3.4 Discussion

IGF-I has a potent mitogenic effect on mammary epithelial cells (24, 31).  It is

manufactured in the liver as well as other cells and is available to mammary cells via

endocrine, paracrine, and autocrine pathways.  Normal mammary tissue growth and

development depends on this growth factor (2, 3), and recent studies have shown that

IGF-I stimulation of the IGF-IR can lead to mitosis and malignant cell transformation

(19, 22, 31).  Using microphysiometry, we investigated whether exogenous IGF-I could

alter ECAR of autocrine cells.  We determined that SV40-IGF-I cells respond to

exogenous IGF-I with an increase in extracellular acidification in a dose-dependent

manner (Figure 3.2) similar to the parental cell line (27). That SV40-IGF-I cells would

respond on the microphysiometer to exogenous IGF-I was surprising, as these cells had

been shown to have reduced levels of receptors, to secrete high levels of IGF-I, and to be

unresponsive to high levels of insulin (29).   Moreover, increased ECAR in response to

exogenous ligand is not typical of autocrine systems.  Epidermal growth factor (EGF)

stimulation of ECAR was reduced in cells transfected to secrete transforming growth

factor-a, a ligand that signals via the EGF receptor (32).  ECAR, however, may not be

directly tied to receptor levels.  Increases in ECAR due to c-met stimulation by

hepatocyte growth factor was higher in mesangial cells than in renal epithelial carcinoma

A498 cells despite the fact that the A498 cells have higher c-met protein concentration

(33).  While this may be specific to the A498 cells (as they also exhibited reduced

responsiveness to EGF), it suggests that ECAR is linked to intracellular pathway

activation, not just simple binding reactions.  Thus, an increase in ECAR indicates some
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form of cellular activation.  For example, heregulin activation of ECAR in mammary

carcinoma cells was shown to require expression of both HER2 and HER3.  However

activation through HER2 could be mimicked by addition of antibodies that bound and

clustered the receptors (34).   It is likely that the IGF-I induced ECAR we measured is

specific, as addition of IGFBP-3 alone had no impact on extracellular acidification, and

co-incubation resulted in a reduction in signal compared to IGF-I alone.

Although a dose-dependent ECAR response to exogenous IGF-I was demonstrated for

both the parental (27) and the SV40-IGF-I cells, the overall response profile on the

microphysiometer differed.  The parental cell line response diminished with subsequent

IGF-I challenges while the response of SV40-IGF-I cells did not (Table 3.1).  How this

finding relates to cell signaling is unclear.  Diminished responsiveness is not

characteristic of growth factors such as epidermal growth factor (35), although ECAR

response does seem to vary greatly depending on what stimulating agent is responsible

for the cellular activity (28).

Given that the SV40-IGF-I cells respond to exogenous IGF-I with increased ECAR, we

investigated whether longer-term cell responses could be stimulated by exogenous IGF-I.

Amino acid uptake was increased in response to IGF-I (Figure 3.3).  However,

[3H]thymidine incorporation following either short (14 min) or long (16 h) IGF-I

exposure did not differ from the control response (Figure 3.4). SV40-IGF-I cells do bind

IGF-I (29) and do show enhanced proliferation in response to serum.  Decoupling of the

proliferation response from growth factor binding has been shown previously with
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transfected mouse L cells that secrete IGF-I (36).  These cells demonstrate similar

binding of IGF-I as parental cells, unlike SV40-IGF-I, but lack a proliferative response to

exogenous IGF-I.  This result suggests that binding and proliferation in response to IGF-I

can be decoupled and that desensitization downstream can occur.  Our data indicate that

the intracellular desensitization does not prevent cell activation that results in

extracellular acidification or induction of amino acid uptake.

It was, however, possible that the difference in SV40-IGF-I cell responsiveness in the

microphysiometer assay compared to SV40-IGF-I cell responsiveness in the proliferation

assay might be due to physical differences in the actual assay conditions.  We examined

factors in the experimental protocols that might alter cell responsiveness.  These

differences were identified as cell seeding density, growth substrate, and fluid residence

time.  Cell seeding densities for the studies differed by a factor of approx 8 with the

proliferation studies being performed at the lower density.  Cell density can impact IGF-

IR expression levels (37), which may impact IGF-I activity.  For example, keratinocyte

growth factor (KGF) receptor levels have been shown to be increased by high-density

culture and these receptors are responsive to KGF (38).  SV40-IGF-I cells did not show

density-dependent changes in cell surface IGF-I binding per cell (data not shown).

Control levels of [3H]thymidine incorporation were inversely correlated with cell density;

however, addition of IGF-I did not induce proliferation at any density (Figure 3.5).

Cell culture substrate can impact cell growth rate as well as the expression of various

proteins.  For example, the parental cell line, MAC-T, was shown to alter the production
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of urokinase-plasminogen activator depending on which matrix molecules the cells were

plated (39).  The MCF-7 breast cancer cell line exhibits altered responsiveness to

estrogen when cultured on laminin (40).  Furthermore, cell growth responses have even

been shown to be dependent on the type of tissue culture material used (41).  The

microphysiometer studies used cells cultured on a porous polycarbonate membrane rather

than tissue culture plastic, and this could potentially have altered cell response.  However,

[3H]thymidine incorporation assays performed on SV40-IGF-I cells grown on the

polycarbonate membrane (Figure 3.6) showed a similar lack of responsiveness to IGF-I

as assays performed on SV40-IGF-I cells grown on tissue culture plastic (Figure 3.4).

SV40-IGF-I cells secrete measurable quantities of IGF-I, which has been shown to be

capable of stimulating proliferation of parental MAC-T cells (29).  It is conceivable that

in the tissue culture environment, a buildup of IGF-I in the cell surface vicinity could lead

to high enough concentrations whereby signaling is saturated by endogenous IGF-I, and

hence, addition of IGF-I has no effect.  Certainly, secretion levels for SV40-IGF-I are

high (29), and these levels should be viewed as low estimates of the actual IGF-I released

due to loss of IGF-I by binding (32,42).  The flow system of the microphysiometer

reduces build-up time for the endogenous IGF-I, and this change in residence time for the

endogenous ligand might have allowed exogenous IGF-I to stimulate IGF-IR present on

the cell surface.  However, just as under stagnant tissue culture plastic conditions,

proliferation studies performed under flow conditions did not demonstrate IGF-I

dependence.
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Induced changes in IGFBP secretion and cell surface IGF-IR number in the SV40-IGF-I

cells resulting from autocrine IGF-I have been shown (29).  Our work reveals that the

presence of autocrine IGF-I has also induced changes in IGF-IR signaling, including the

decoupling of the stimulation of proton secretion resulting from IGF-I binding and the

downstream stimulation of cell proliferation when comparison is made with data from the

parental cell line (27).  Recent work by Santhanagopal and Dixon demonstrates that IGF-

I stimulated changes in ECAR for osteoblastic cells are dependent on the

phosphatidylinositol 3-kinase pathway (43).  We have further demonstrated that amino

acid uptake by SV40-IGF-I cells is increased in response to IGF-I (Figure 3.3).  IGF-I-

induced amino acid uptake in bovine dermal fibroblasts has been shown to be inhibited

by LY294002, a specific inhibitor of PI-3 kinase activity (30).  This finding suggests that

the PI-3 kinase pathway may be operational in SV40-IGF-I cells, and that failure to

proliferate in response to exogenous IGF-I may lie in another signaling pathway.

Ongoing studies in our laboratory are targeted at deciphering where and in which

intracellular pathways desensitization in this mammary epithelial cell system has

occurred.

3.5 Materials and Methods

Cell Culture

The SV40-IGF-I cell line was maintained in complete media composed of Dulbecco’s

modified Eagles media (DMEM), 10 mL/L Antibiotic-Antimycotic (100x), 1 mg/L

gentamicin, 0.04 M  NaHCO3, and 10% fetal bovine serum (FBS).  Normal cell
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maintenance involved plating cells at 5x105 cells per 100 mm dish and passaging via

trypsin addition when cells were confluent.  For microphysiometer studies, cells were

plated at 1x106 cells per 100 mm dish and grown to confluency, typically 48 h.  Cells

were then seeded at the designated concentrations in transwells.  For [3H]thymidine

incorporation studies and receptor-binding studies, cells were plated and grown to

confluency, typically 72 h, and seeded at the designated concentrations in transwells, 24-

well plates, or 12-well plates.  Cells were used between passages 12 and 20.

DMEM, Antibiotic-Antimycotic (100X), gentamicin sulfate solution (10 mg/mL),

calcium-free Dulbecco’s phosphate buffered saline (DPBS), trypsin (2.5% lyophilized),

and FBS were purchased from Gibco (Grand Island, NY).  Enzyme free cell dissociation

solution was purchased from Specialty Media (Phillipsville, NJ).

Microphysiometer Experiments

Human recombinant IGF-I was purchased from Peprotech (Rocky Hill, NJ).  Human

recombinant IGFBP-3 was purchased from Upstate Biotechnology (Lake Placid, NY).

Materials obtained from Molecular Devices for use on the Cytosensor® microphysiometer

included low buffer Roswell Park Memorial Institute (RPMI) media, capsule cup inserts,

and spacer rings.  Cells were seeded on tissue-culture treated transwells (polycarbonate

membrane, 12 mm diameter, 0.4 mm pore size) (Corning Costar Corporation, Cambridge,

MA).  Transwells were seeded with SV40-IGF-I cells at 2 x 105 cells/cm2 in complete

media.  Cells were incubated at 37ºC for 24 h and the media replaced every 24 h with

media without FBS for the next 72 h.  RPMI (pH 7.4) supplemented with bovine serum
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albumin (BSA) (Fraction V, Sigma, St. Louis, MO) was used as the running buffer.

Seeded transwell capsule cups were placed in the microphysiometer and equilibrated for

approximately 1 h in running buffer pumped at 100 mL/min.  Cells were subsequently

challenged with IGF-I.  Cell samples were challenged only once to determine dose-

dependent responses.

Amino Acid Uptake Experiment

Amino acid uptake in response to IGF-I was measured using a-[1-14C] aminoisobutyric

acid ([14C]-AIB) (NEN, PerkinElmer Life Sciences, Boston, MA), based on a protocol

from Conover, et al. (30).  Briefly, cells were seeded at 2.6 x 104 cells/cm2 in tissue

culture wells in complete media.  Cells were switched to FBS-free DMEM 24 h later.

The amino acid uptake was conducted 48 h later.  Cells were placed in buffer (0.5%

BSA, 120 mM NaCl, 5 mM KCl, 1.2 mM MgSO4•7H2O, 15 m M NaC2H3O2, 25 mM

HEPES, 10 mM dextrose, pH 7.4) with IGF-I (0 or 10 ng/mL) and incubated at 37°C for

6 h.  [14C]-AIB was added and incubation proceeded for 12 min.  Four washes with cold

PBS and then overnight incubation with 0.3 N NaOH followed.  Quantification was

performed using a Liquid Scintillation Analyzer (Tri-Carb 2100 TR, Packard Instrument

Co., Downers Grove, IL).

[3H]Thymidine Incorporation Experiments

[3H]Thymidine (ICN Pharmaceuticals, Irving, CA) uptake was measured as previously

described (29).  Briefly, SV40-IGF-I cells were plated at designated concentrations.

After 24 h, the cells were serum-starved for 72 h by replacing the media with DMEM
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without FBS.  Cells were incubated with IGF-I for 16 h or 14 min.  For the wells exposed

to IGF-I for 14 min, the spent media was replaced with fresh media without FBS for the

remaining incubation time.  After 16 h, 100 mL of [3H]thymidine (20 mCi/mL) was added

to each well and incubation continued for 2 h.  Wells were washed with DPBS followed

by ice cold 10% TCA and 100% ethanol washes.  Plates were then incubated overnight

with 0.3 N NaOH. 3 N HCl was added to neutralize the NaOH, and the radioactivity of

the samples from each well was quantified using a Liquid Scintillation Analyzer (Tri-

Carb 2100 TR, Packard Instrument Co., Downers Grove, IL).

Bromodeoxyuridine (BrdU) Experiments

Transwells placed in 12-well plates were seeded with 2.6 x 104 cells/cm2 to correspond

with the seeding density on 24-well plates.  After overnight adherence in DMEM with

10% FBS, the media was replaced with DMEM without FBS for 72 h.  Cells were then

exposed to IGF-I (0, 50 ng/mL) in fresh DMEM for 16 h.  Detection of BrdU was per the

manufacturer’s instructions (Roche Diagnostics GmbH) with volumes of reagents

increased to accommodate the larger volume of the transwell.  The BrdU technique was

verified as an effective nonradioactive alternative for use on the microphysiometer by

comparing parallel [3H]thymidine incorporation studies under the same seeding and IGF-

I exposure conditions. For cell proliferation studies under flow conditions, seeded

transwells were placed on the microphysiometer and exposed to IGF-I (0, 50 ng/mL) in

DMEM with 50 mM HEPES for 16 h.  The BrdU assay protocol was adapted for use with

the transwells on the microphysiometer by using the same reagent concentrations, but

allowing the BrdU labeling reagent to be pumped across the transwells for 2 h under the



99

same flow conditions used to obtain the IGF-I stimulation response.  Seeded transwells in

a 12-well plate maintained in a 37ºC incubator with DMEM with 50 mM HEPES were

also assayed concurrently as a non-flow control.

Statistical Analysis

For microphysiometer ECAR responses, standard errors were calculated based on the

Delta method.  Calculation of the EC50 based on the response profiles for

microphysiometry were based on a saturation model equation and fit using KaleidaGraph

(version 3.5, Synergy Software).  For [3H]thymidine incorporation results, an ANOVA

was completed using the GLM procedure of SAS (SAS Institute, 1989). A Bonferroni

(Dunn) T test was performed to determine significance of differences between treatments.
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