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CHAPTER I

INTRODUCTION

1.1  General Introduction

Breast cancer is a devastating disease which affects 1 out of 11 women and to a much

lesser extent men in the United States (Berkow, 1987).  In spite of much attention

focused toward this disease and advances in the understanding of the development and

progression of the different classifications of cancer affecting the breast, it remains the

second leading cause of cancer death for women in the United States (Berg, et al., 1995).

Traditional treatment of cancer generally consists of surgical excision of the tumor and

surrounding tissue followed by chemotherapy and/or radiation therapy (Berkow, 1987).

The goal of chemotherapy and radiation therapy is to destroy the quickly proliferating

remaining cancer cells before these cells have the opportunity to overtake the body and

cause death. In the process, many healthy cells are also destroyed, and this is responsible

for the loss of weight and malaise that accompanies the treatment.  Chemotherapeutic

agents vary depending on the type of cancer, as different agents are more effective in

destroying particular types of cancer cells.  In addition, cancer cells have a high ability to

mutate, thereby developing resistance to chemotherapeutic agents (Alberts, et al., 1994).

Unfortunately, the traditional therapies are additional onslaughts to the body so that

survivors of cancer have not only combated the disease but have also survived the

treatment.

An ideal cancer treatment would be specific to the cancer cell in a roughly analogous way

to how antibiotics are specific to microorganisms: untoward side effects during the course

of treatment should be minimal for the majority of the population.  With a more cancer

specific treatment, agents targeted toward cancer cells would spare normal cells and

could be administered in conjunction with traditional chemotherapeutic agents for more

effective toxicity toward cancer cells (Wellstein, 1994).
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To develop a specific treatment, it is important to understand how a cancer cell differs

from a normal cell.  The cancer cell starts as a normal cell and, after undergoing a

sequence of events, is transformed into a cancer cell that is not recognized as foreign by

the immune system (Lodish, et. al., 1995).  Once metastasizing cancer cells have taken a

deadly foothold, the cells proliferate with no apparent bound as the the usual mechanisms

of homeostasis such as growth arrest have been lost (Alberts, et al., 1994) and cancer cell

proliferation mechanisms including neovascularization have been introduced (Wellstein,

1994).  For the most part, it appears that the cancerous cells have not introduced novel

processes; rather, existing processes and control mechanisms of normal cells have either

been lost or altered.

The process of cancer growth has been likened to the process of wound healing except

that the cancerous tumor cells do not “heal” a tissue void but continue to proliferate

beyond normal endpoints (Sporn and Roberts, 1992, Wellstein, 1994).  One suspected

mechanism for the unregulated growth of malignant tumors is the uncontrolled

stimulation of growth factor receptors by growth factors.  Not surprisingly, many

oncogenes have been shown to encode growth factors or growth factor receptors

(Baselga, 1997).

Growth factors may be made available to growth factor receptors on the cell surface via

the endocrine, paracrine, autocrine, or juxtacrine pathways (Alberts, et al.,1994, Sporn

and Roberts, 1992).  Growth factors that travel to cells from remote locations act via the

endocrine pathway.  Figure 1.1 illustrates local mechanisms by which ligand can come

into contact with receptors (Sporn and Roberts, 1992).  Autocrine cells secrete growth

factors that can be captured by receptors of the same cells.  Cells that receive growth

factor from directly adjacent cells where receptors are in direct contact with the adjacent

cell to receive ligands interact via the juxtacrine pathway.  Cells which depend on growth

factors from local cells released into the interstitial space  respond via the paracrine

pathway.
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Many human breast cancer cells have increased production of insulin-like growth factor I

(IGF-I) compared to normal mammary epithelial cells (Toropainen, 1995).  This suggests

an increased autocrine response as opposed to solely endocrine or paracrine regulation.

Some breast cancer cell lines have also been found to express and likely respond to

insulin-like growth factor II (IGF-II) via an autocrine pathway (Quinn et al., 1996,

Osborne, et al., 1989, Daly et al., 1991, Lee, et al., 1994).
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Figure 1.1  This illustration shows three distinct pathways for IGF-I ligand delivery to a

cell surface receptor.  The endocrine pathway brings IGF-I to the cells from the liver

source to the interstitial space via the bloodstream.  IGF-I in the bloodstream is

complexed with IGF binding protein 3 (IGFBP-3) and an acid labile subunit (ALS).  The

autocrine pathway allows a cell to respond to ligand that is produced by the same cell.

Paracrine cells receive locally secreted ligand from the interstitial space.

In addition to describing the pathway of growth factor to receptor, the temporal and

spatial distribution of the growth factor is recognized as an important element in cell

regulation (Lauffenburger et al., 1996).  Different concentrations of the same growth



4

factor may produce very different cellular responses in a cell.  This variability in cell

regulation makes it imperative to describe the presence of growth factors in quantitative

terms including kinetic and transport processes, traditional concepts in engineering.  This

information could facilitate the design of effective interventions to interrupt malignant

cell growth and proliferation.

Our hypothesis is that autocrine stimulation of mammary epithelial cells by IGF-I is a

factor in tumor growth, and that the increased production of IGF-I and autocrine delivery

in transformed cells gives cancer cells a proliferatory advantage over normal cells.

Furthermore, because of its homology to IGF-I and ability to signal via IGF-IR,

overexpressed IGF-II secreted by cancerous cells likewise increases mitogenesis because

of the autocrine pathway.  In addition, IGF-I stimulation of cells is modified by other

factors such as IGFBP-3 and proteoglycan, and this work establishes a means for further

investigation of the  roles of these two factors.

IGFBPs including IGFBP-3 have been identified in breast cancer cells and are thought to

play a role in breast cancer progression (Yee, et al., 1991, Yu et al., 1996).  In general,

IGFBPs have been found to inhibit IGF action, possibly by sequestering IGFs, or to

potentiate IGF action, possibly by binding to a cell surface receptor and bringing the IGF

in the vicinity of an IGF-IR (Jones and Clemmons, 1995).

Proteoglycans are cell secreted molecules that have many functions (Evered and Whelan,

1986).  A proteoglycan molecule consists of a core protein with attached

glycosaminoglycan side chains.  Heparan sulfate is a commonly found

glycosaminoglycan chain that has areas of affinity for IGFBP-3.  Heparin has been shown

to inhibit IGF-I/IGFBP-3 complex formation (Arai et al., 1994).  This ability to bind with

IGFBP-3 suggests a role for proteoglycans in IGF-I stimulation of mammary epithelial

cell proliferation.

The focus of this study is the interaction of IGF-I with the IGF-I receptor (IGF-IR) on the

membrane surface of mammary epithelial cells via autocrine and paracrine pathways.
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The growth and proliferation of human breast cancer cells is strongly promoted by the

mitogenic effect of IGF-I and IGF-II signaling via the IGF-IR (Osborne, et al., 1990,

Quinn et al., 1996, Singer, et al., 1995).  Two bovine mammary epithelial cell lines are

considered in this study: the immortalized parental cell line MAC-T (Huynh, et al., 1991)

and the IGF-I producing transfected cell line SV40-IGF-I.  The MAC-T cell line

produces negligible IGF-I and responds to IGF-I in a paracrine manner.  The SV40-IGF-I

cell line produces IGF-I and represents an autocrine  system for IGF-I (Romagnolo, et al.,

1994).

The insulin-like growth factor binding proteins (IGFBPs) interact with the IGF-I

molecule and may affect binding of the IGF-I molecule to the IGF-IR.  To investigate the

binding of IGF-I to the IGF-IR in this study, the Cytosensor  Microphysiometer System

was used for real-time rapid binding.  Traditional binding assays were used in correlation

with some of this investigation.

The first goal of this effort was to optimize the Cytosensor  Microphysiometer System

for the IGF-I stimulation of the bovine mammary epithelial cell lines MAC-T and SV40-

IGF-I.  Once this was achieved, comparisons could be made between the paracrine MAC-

T cells and autocrine SV40-IGF-I cells in response to IGF-I alone.  This optimization

also establishes system parameters using these cell lines for future studies with IGF-I in

conjunction with other agents.  The second goal was to study SV40-IGF-I cells for the

effect of exogenous IGFBP-3 on the exogenous IGF-I stimulation of the cells.  The third

goal was to determine if IGFBP-3 has an IGF-I independent effect on receptor

stimulation in SV40-IGF-I cells and to correlate the finding with binding studies to

determine whether cell surface binding by IGFBP-3 was important for SV40-IGF-I cells.

The fourth goal was to harvest and purify proteoglycan from SV40-IGF-I cells to use on

the microphysiometer as a preliminary to investigate the effect of proteoglycan on IGF-I

stimulation in future studies.

This thesis is divided into six chapters.  Chapter I covers the general introduction with a

section on background information and a literature review.  Chapter II describes the
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materials and methods used, and Chapter III describes the optimization of the

Cytosensor  Microphysiometer System for these and future experiments using SV40-

IGF-I and MAC-T cells.  Chapter IV covers the results and discussion of experiments

using the Cytosensor  Microphysiometer System for responses by SV40-IGF-I and

MAC-T cells to exogenous IGF-I and responses by SV40-IGF-I cells to IGFBP-3 with

and without IGF-I.  Preliminary studies using SV40-IGF-I proteoglycan with IGF-I to

determine the effect of proteoglycan on the response and using amiloride to verify the

cell proton source are included.  Binding study results and discussion to correlate with the

lack of response from IGFBP-3 alone determined on the microphysiometer are covered in

Chapter V.  Chapter VI outlines our conclusions and describes the directions for future

work.

1.2  Background and Literature Review

Breast tumors are composed of three basic cellular components: epithelial cells, stromal

cells and vascular components (Cullen et al., 1991).  The epithelial cells become

transformed and constitute the malignant portion of the tumor.  Stromal cells do not

typically become transformed, but they do secrete growth factors and other regulatory

elements.  Growth factors secreted by the malignant cells promote the growth and

proliferation of endothelial cells thereby increasing the vascular component.  This

neovascularization serves to  supply the tumor with the blood circulation needed for

growth and metastases (Wellstein, 1994).

1.2-1  Cell Lines

We were interested in comparing autocrine and paracrine systems for IGF-I in mammary

epithelial cells.  Consequently, two cell lines lines were chosen for our study: the MAC-T

cell line and the SV40-IGF-I cell line.

The MAC-T cell line is a bovine mammary epithelial cell line that was established at

McGill University in Quebec to serve as a model for bovine lactation (Huynh et al.,
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1991).  Immortalization was established by the transfection of bovine mammary

epithelial cells with the simian virus 40 large T-antigen.  The cells were found to retain

the secretion of the proteins and the lactose of milk in vitro.  Furthermore, the cell line is

morphologically stable and has been passaged more than 350 times without showing

senescence.  The MAC-T cell line produces little constitutive IGF-I but has IGF-IR

(Table 1.1); it represents the paracrine system in this thesis.

The SV40-IGF-I cell line was developed in Dr. R.M. Akers’ laboratory at Virginia Tech

(Romagnolo, et al., 1994).  It was derived from the MAC-T cell line.  Clonal MAC-T

cells were transfected with an IGF-I expression vector to produce a cell line that

constitutively secretes IGF-I.  It was found that the secretion of IGF-I induced the

increased production of IGFBP-3 and the down-regulation of the IGF-IR at the cell

surface.  Table 1.1 lists several characteristics of these cell lines.

TABLE 1.1  Comparison of Selected Parameters of the MAC-T and SV40-IGF-I

Cell Lines

MAC-T SV40-IGF-I

IGF-I secretion rate (ng/cell/hr) 1.25 x 10-7 8.04 x 10-6

IGF-I (receptors/cell) 31,700 10,700

IGFBP-3 secretion 0.75 ADU* 13.2 ADU

* ADU= arbitrary densitometric units

1.2-2  IGF-I /IGF-II

The insulin-like growth factors are peptide hormones that are highly homologous to

insulin.  The DNA sequences of the insulin-like growth factors I and II (IGF-I, IGF-II),
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when compared to pro-insulin, show conservation of a large number of the encoded

amino acids (Schofield, 1992).  In fact, all the amino acids retained in the sequence for all

known species of insulin also appear in sequence in IGF-I and IGF-II with the exception

of only a single amino acid.  The tertiary, or three-dimensional, configuration of IGF-I

and IGF-II is predicted to be very similar since all three molecules have the same

hydrophobic core and conserved cysteine and glycine residues.  The disulfide bridges are

the same for all three molecules.  IGF-I is composed of 70 amino acids in a single

polypeptide chain and has a predicted molecular weight of 7650 (Schofield, 1992).  IGF-

II has 67 amino acids and a predicted molecular weight of 7470.

IGF-I and IGF-II are found in blood serum and were first thought to function strictly via

endocrine mechanisms (Schofield,1992). Recent work indicates that the IGFs also

function via autocrine/paracrine pathways (Daly, et al., 1991, Osborne, et al., 1989,

Cullen et al., 1992, Reeve, et al., 1995, Angelloz-Nicoud and Binoux, 1995, Dai et al.,

1992).  Known functions of the IGFs are the modulation of mitogenesis, anabolism, and

induction and maintenance of differentiation of fetal cells and of cells in adult wound

healing.  The IGFs are found at higher expression levels in fetal tissues and in adult

neoplasia and post-trauma regeneration.  It is thought that the endocrine pathway is

important for the overall homeostasis and growth of the body whereas the

autocrine/paracrine pathways are important in local responses as found in neoplasia and

tissue regeneration.

IGF-I and IGF-II are both known to be potent mitogens of human breast cancer cells

(Osborne, et al., 1990, Quinn et al., 1996, Singer, et al., 1995).  IGF-I was found to be

the more potent of the two on MCF-7 and T47D human breast cancer cell lines (Karey

and Sirbasku, 1988).  There has been some controversy as to whether IGF-I or IGF-II is

the more dominant autocrine growth factor implicated in human breast carcinoma.  In

support of the hypothesis that breast cancer cells are stimulated by IGF-I via  an autocrine

pathway,  IGF-I was found to be secreted by four human breast cancer cell lines, with a

2- to 10-fold increase in secretion by estrogen-responsive cell lines (Huff et al., 1986).

Furthermore, these cell lines were probed with an IGF-I complementary DNA probe from
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human liver, and mRNA hybridization was found.  IGF-I levels in conditioned media

were quantified in the presence and absence of estrogen for the human breast cancer cell

lines MCF-7.  Low levels of IGF-I secretion were found, with no effect on secretion with

the addition of estrogen ( Karey and Sirbasku, 1988).  However, in another study (van der

Burg, et al., 1990), biologically active IGFs could not be detected in the MCF-7 cell line.

In support of the hypothesis that IGF-II acts via an autocrine system, an investigation of

epithelial cells derived from malignant lesions revealed no epithelial cell lines with

mRNA for IGF-I and only one epithelial cell line with mRNA for IGF-II (Cullen, et al.,

1991).  A study of IGF-I and IGF-II mRNA expression by fibroblasts derived from

malignant lesions revealed that one of nine stromal fibroblast cultures expressed IGF-I

mRNA and five of nine stromal fibroblast cultures expressed IGF-II mRNA.  From this

investigation it was thought that IGF-II was the dominant growth factor of the two and

stimulated malignant epithelial cells predominantly in a paracrine fashion from the

stromal tissue, but IGF-II could also act in an autocrine fashion in at least one

investigated epithelial cell line.  Transfection of the MCF-7 breast cancer cell line to

produce IGF-II yielded cells which grew in free-floating colonies, displaying changes

that are associated with malignancy (Cullen, et al., 1992).  This further supports the

hypothesis that IGF-II may act via an autocrine pathway in cancer progression.

Because of the homology between IGF-I and IGF-II, the results of our investigation using

an autocrine system for IGF-I will likely be helpful in interpreting the difference in

receptor stimulation and resultant mitotic response in an autocrine vs. a paracrine

environment for malignant cells overexpressing either growth factor IGF-I or IGF-II.

Even so, differences between the two growth factors may be expected.  Both IGFs have

corresponding receptors which are distinct (Jones and Clemmons, 1995).  IGF-I has a

high affinity for the IGF-IR, a tyrosine kinase receptor.  Stimulation of the IGF-IR

initiates autophosphorylation and a signaling cascade resulting in mitogenesis.  IGF-II

acts competitively with IGF-I for the IGF-IR, but with a 2 to 15-fold lower affinity.  IGF-

II binds to the IGF-II receptor (mannose-6-phosphate receptor) with high affinity.

Binding to the mannose-6-phosphate receptor results in the growth factor being
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internalized and degraded.  Signaling is thought to occur via coupling to GTP-binding

proteins. IGF-I binds to the IGF-IIR with a 500-fold lower affinity.  In addition,

substitutions of amino acids in IGF-I mutants with insulin residues changes the affinity of

IGF-I for IGFBP-3, so IGF-II may bind to binding proteins with different affinity.

1.2-3  IGF-I Receptor

IGF-I and IGF-II can act via the IGF-I receptor to initiate a signal cascade in the

cytoplasm that ultimately results in the cell response of mitosis (LeRoith, et al., 1995).

The IGF-I receptor is comprised of four subunits: two α-subunits and two β-subunits

(Figure 1.2).
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Figure 1.2  The IGF receptors (redrawn from LeRoith, et al., 1995).  The IGF-I and

insulin receptors have similar structure with cysteine rich domains on the α-subunits in

the extracellular space and tyrosine kinase domains on the ß-subunits in the cytoplasm.

The IGF-II receptor does not have the tyrosine kinase domain and is a mannose-6-

phophate receptor.
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The four subunits are held together by disulfide bridges with the α -subunits on the

extracellular side of the cell membrane and the β-subunits traversing the phospholipid

bilayer (i.e. the cell membrane) to the cytoplasmic side.  The β-subunit portion of the

receptor on the cytoplasmic side contains three tyrosine residues involved in second

messenger signaling  (Blakesley, et al., 1996).  Figure 1.2 illustrates the  homology

between the IGF-IR and the insulin receptor.

The IGF-II receptor is distinct in that it is a mannose-6-phosphate receptor and does not

have the tyrosine kinase domains for autophosphorylation (Jones and Clemmons, 1995).

IGF-II is internalized and degraded via this receptor.  Signaling resulting in DNA

synthesis is thought to occur via coupling to GTP-binding proteins.  Stimulation of IGF-

IR and IGF-IIR together results in the increase of surface IGF-IIR in fibroblasts.

Stimulation of the IGF-I receptor induces autophosphorylation in the tyrosine kinase

domain and thus activates second messengers, initiating the signaling cascade as can be

seen in Figure 1.3.  The phosphorylation of insulin receptor substrate 1 (IRS-1) initiates

other branches of the signaling cascade and is an important step in the mitogenic response

in the nucleus.

IGF-I receptors are found in both normal and cancerous breast cells.  In a study of 19

samples of normal human breast tissue and and 184 samples of primary breast cancer

tissue, it was found that the cancerous cells had a 10-fold increase in IGF-I receptor

content compare to normal cells (Papa, et al., 1993).  In general it was found in this study

that 88% of breast tumors had measurable amounts of IGF-I receptor and that the

receptor content was higher than for normal breast cells.
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Figure 1.3  This illustration ( redrawn from Blakesley, et al., 1996) shows the IGF-IR at

the top of the diagram with the β-subunits extending below the cell membrane into the

cytoplasmic region.  The three tyrosine kinase residues are located on the ß subunit and

it is here that autophosphorylation takes place.  The signaling cascade is thereby

initiated.

1.2-4  IGFBP-3

IGF binding proteins (IGFBPs) can regulate the effect of IGF-I by modulating the ability

of IGF-I to bind to the IGF-1 receptor (Jones and Clemmons, 1995).  There are six known

IGFBPs and several IGFBP related binding proteins (Baxter et al., 1998).  IGFBP-3 is

found in the bloodstream and its production in the liver is regulated by growth hormone

(GH) (Schofield, 1992).  IGFBP-3 complexes with IGF-I and an acid-labile subunit

(ALS) to form a 150 kDa ternary complex (Delhanty, et al., 1998) and, in the

bloodstream, provides an endocrine system mediated reservoir of IGF-I that cannot attach

to IGF-I receptors while in the bound complex.  In conditioned media by human breast

cancer cell lines, IGFBP-1, IGFBP-2, and IGFBP-3 have been detected (Yee, et al.,

1991).  In cell lines where a particular IGFBP was detected, presence of the IGFBP

mRNA was confirmed.  None of the lines tested expressed all three of these IGFBPs, but
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six of twelve cell lines expressed at least two of the three IGFBPs investigated.  IGFBP-3

was found in eight of the eleven cell lines tested.  IGFBP-3 was also found at high levels

in estrogen negative breast cancer cells but in lower levels in some estrogen postitive

breast cancer cells (Yee, et al., 1991).  A later study (Figueroa and Yee, 1992) included

IGFBP-4 and IGFBP-5 which were also found in some breast cancer cell lines.  In

another study, analysis of breast cancer tumors showed mRNA for five IGFBPs,

including IGFBP-3 which was detected in all the tumors (Pekonen, et al., 1992).  It was

found in the same study that the malignant breast tissue had higher levels of IGFBP than

nearby normal breast tissue.  This suggests local modulation of IGFs by IGFBP in the

tumor tissue.  In yet another study, IGFBP-3 was detected in all three estrogen receptor

negative cell lines but none of the four estrogen receptor positive cell lines studied

(Clemmons, et al., 1990).

The MAC-T cell line, which represents the paracrine cell line in our study, secretes

IGFBP-3.  Exposure of these cells to exogenous IGF-I and IGF-II for 24 hrs caused

increased production of IGFBP-3 (Cohick and Turner, 1998).  The transfected cell line

SV40-IGF-I, which produces endogenous IGF-I and represents the paracrine system, has

increased levels of secreted IGFBP-3 as a result of the production of IGF-I (Romagnolo

et al., 1994).  In another study using MD-IGF-I cells which are also derived from the

MAC-T cells and express increased levels of IGF-I, increased levels of IGFBP-3 were

induced and were found to stimulate IGF-I mitosis (Romagnolo, et al., 1994).  The

induction of increased levels of IGFBP-3 by IGF-I stongly suggests autocrine control.

In summary, IGFBP expression in breast cancer cell lines varies with the cell line, but

local regulation of IGF-I by IGFBPs is likely.  In this thesis, we examined how

interaction with IGF-I by IGFBP-3 might affect IGF-I binding to the IGF-I receptor on

the SV40-IGF-I cells.  Previous reports have shown IGFBP-3 to have both inhibitory and

stimulatory effects (Firth, et al.,1998).  IGFBP-3 was found to potentiate the binding of

IGF-I and to adhere on the cell surface (McCusker, et al., 1990).  In addition, IGFBP-3

was also found to have an IGF-independent growth inhibiting action on Hs578T human
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breast cancer cells (Oh, et al. 1993).  The possibility of IGFBPs interacting with the cell

in an IGF-independent manner is a new issue in the IGF field.

1.2-5  Proteoglycan

Proteoglycans are large entities consisting of a core protein with covalently attached

glycosoaminoglycan side (GAG) chains (Evered and Whelan, 1986).  They are found on

cell surfaces, traversing the cell membrane, part of the extracellular matrix, or secreted

into the extracellular space.  These macromolecules have various functions including

participation in adhesion, blood coagulation, and possibly triggering intracellular events.

We have  recovered SV40-IGF-I proteoglycan from SV40-IGF-I conditioned media and

prepared it for use on the microphysiometer in preparation for future studies to determine

interactions with IGF-I binding to the IGF-I receptor.  Binding of IGFBP-3 with heparan

sulfate or other GAG chains of the cellular proteoglycan could potentially alter

attachment of IGF-I to the IGF-IR (Arai et al., 1994).  In future experiments we will want

to characterize the proteoglycan from SV40-IGF-I and MAC-T cells and determine if

IGF-IR stimulation is enhanced or inhibited by the presence of proteoglycan.

1.2-6  Microphysiometry

The Cytosensor  Microphysiometer System was used to detect rapid binding of IGF-I to

the IGF-IR in real time for both the SV40-IGF-I and MAC-T cell lines.  As shown in

Figure 1.4 the Cytosensor  Microphysiometer System consists of a 4 or 8 incubation

chamber configuration linked with an Apple Macintosh® Computer and Cytosoft®

Software to record data (Molecular Devices, Sunnyvale, CA).  It was designed to detect

small changes in pH (McConnell, et al., 1992) in the extracellular fluid of a monolayer of

cells grown on the porous membrane of a capsule cup placed in the sensor chamber of the

microphysiometer (Molecular Devices, 1995).  The changes in pH may occur with

different stimulating agents which produce a reponse in the cell that causes the excretion

of protons.
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For our experiments, we were interested in the extracellular acidification response

(ECAR) reflecting the attachment of IGF-I to the IGF-I receptor. Previous studies report

use of the microphysiometer to detect binding of growth factors to tyrosine kinase growth

Figure 1.4  The Cytosensor  Microphysiometer System consists of a 4 or 8 incubation

chamber configuration linked with an Apple Macintosh® Computer and Cytosoft®

Software to record data (figure reproduced with permission from Molecular Devices,

Sunnyvale, CA).

factor receptors.  Chan and coworkers (1995) examined the binding by the HER2

receptor, which is a glycoprotein closely related to epidermal growth factor receptor.  It

was found on the microphysiometer that stimulation of MCF-7 breast cancer cells

transfected with HER2 by heregulin-α  ligand resulted in increased ECAR when

compared with a control without ligand.  In a study by Pitchford and coworkers (1995),

the stimulation of tyrosine kinase receptors for nerve growth factors (NGF) by NGF

resulted in a increased ECAR which was NGF dose dependent.
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To further evaluate the growth factor induced acidification response, studies were

performed using agents such as amiloride which inhibits the Na+/H+ exchanger on the cell

membrane (Warnock, et al., 1988, Neylon et al., 1989).  Addition of amiloride resulted in

the inhibition of an ECAR peak for TF-1 cells stimulated by granulocyte macrophage-

colony stimulating factor (Molecular Devices Application Note Binder, 1996).  Peak

response of PC-12 cells by NGF was also reduced by 20-30% by the addition of 10µM of

methyl-isobutyl-amiloride.  Inhibition resulted from reduced Na+/H+ exchanger activity

(Molecular Devices Application Note Binder, 1996).

Specific probes for tyrosine kinase receptors were used in previous studies: genistein on

PC12 cell stimulated by NGF (Molecular Devices Application Note Binder, 1996,

McConnell, et al., 1992), K52a on PC12 cells stimulated by NGF and epidermal growth

factor (EGF) (Berg et al., 1992), and herbamycin-A on CD-4+ cells stimulated by T-cells

(June et al., 1990, Molecular Devices, 1996).  Genistein inhibited the ECAR in a dose

dependent manner.  K52a was found to selectively inhibit the ECAR response by NGF,

but not EGF.  Herbimycin-A was found to inhibit the ECAR response.

Figure 1.5 illustrates the basic principle of microphysiometry.  For the case of IGF-I

binding, stimulation of the IGF-I receptor by IGF-I causes autophosphorylation of the

tyrosine kinase domain of the receptor which initiates a signaling cascade.  During

autophosphorylation, ATP is converted to ADP (Lodish, et al., 1995).  The cascade

initiates cellular metabolism which also demands ATP (McConnell, et al., 1992).  The

excretion of  protons are a by-product of internal metabolic processes.  The silicon sensor

detects the change in pH and the ECAR is recorded.

Figure 1.5 is a schematic illustrating the mechanics of the Cytosensor  Microphysiometer

System.  Running buffer with or without a challenging agent is introduced via the fluid

supply tubes to maintain the living cells.  The buffer is pumped by peristaltic pump

through a heated debubbler membrane.  The supply valve is designed so that only one of

two solutions can reach the cells.  This concurrent flow of fluids allows the cells to be

immediately switched by a valve switch from running buffer alone to buffer with a test
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solution for challenge and then back to running buffer.  In the bottom of the sensor

chamber is a silicon chip, which when compared to a reference electrode, detects changes

in the pH (61 mV = 1 pH unit).  Data is recorded using Cytosoft® software, analyzed in

terms of % ECAR.

Metabolic
Processes

Silicon Sensor Chip

H+ Proton Excretion

CO2

Lactic
Acid

Na+H+

ATP

Ligand 

Glucose

O2
The Cell

Figure 1.5  Schematic of the basic principle of microphysiometry. Energy metabolism  is

closely coupled to the use of ATP.  The signaling following binding of ligand to receptor

results in the use of ATP and subsequent proton excretion.

Cells are exposed to a low buffering capacity media  so that minute changes in pH can be

observed.  The cells are exposed to this running media in cycles.  For 1 min 28 sec the

cells are washed with media as it is pumped (100 µl/min) across the cell surface,

removing excreted metabolites.  This is followed by a 32 sec interval during which time

the pump is stopped, and cellular metabolites accumulate in the capsule reservoir.  The

pH is recorded every second throughout the cycle and is recorded as a tracing in mVolts

(61 mVolt=1 pH unit) vs. time (Figure 1.7).
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Figure 1.6  A schematic drawing of the Cytosensor  Microphysiometer System. Changes

in proton efflux from a monolayer of live cells in the sensor chamber is detected using

silicon chip technology. (figure reproduced with permission from Molecular Devices,

Sunnyvale, CA)

This is referred to as the raw data and results in a saw-tooth tracing on a graph.  The

downward slope on the raw data is the rate of acidification during the last 30 sec of the

pump off part of the cycle. During this part of the cycle, metabolites are not flushed out

and the accumulation results in acidification. This slope is determined by least squares

analysis and is plotted on a rate data plot as a function of time (Figure 1.8).

The rate data is analyzed for cell response to a stimulus.  The rate data tracings for all the

channels tested were normalized prior to challenge by IGF-I and/or other agent to
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Figure 1.7  Data is recorded by Cytosoft software in mV every second throughout the

run.  (61 mV= 1 pH unit.).  Each color represents a separate channel.
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Figure 1.8  Each point on the rate data graph represents the change in acidification rate

determined by least squares analysis of each downward slope on the raw data where the

pump is off and cell metabolites accumulate. Each color represents a separate channel.
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compare peak extracellular acidification rates (ECAR) for up to 8 channels on a single

run.  As can be seen by the representative graph in Figure 1.8, the tracings that have not

been normalized are independent, but nearly parallel.  Normalization brings all the

tracings to the same point at 100% ECAR so that relative differences in response after

stimulation can be compared.  Data from one normalized period can also be compared to

data from other normalized experiments.


