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(Abstract) 
 

The overall objective of this research consists of two main parts: (1) provide evidence 

that autocrine production of IGF-I modulates tight junction permeability and (2) 

demonstrate the ability of IGFBPs to regulate IGF-I delivery across cell layers.  To meet 

the first objective, parental and IGF-I secreting bovine mammary epithelial cells were 

tested for cell layer permeability, tight and adherens junction proteins, IGF-IR, and a 

downstream signaling components of IGF-IR.  In comparison with parental cells, IGF-I 

secreting cells had high levels of IGF-IRs, but low levels of the junction components E-

cadherin, β-catenin, and occludin.  The differences in parental and IGF-I secreting cells 

was not due to extracellular stimuli since inclusion of IGF-I, IGFBP-3, or co-culture with 

SV40-IGF-I cells did not alter the barrier properties of parental cells, suggesting that 

intracrine signaling may alter cell connectivity.  The second objective focused on 

exogenous rather than endogenous IGF-I and the role of IGFBPs and IGF-IRs in ligand 

transcytosis.  Bovine aortic endothelial cells (BAECs) cultured on surfaces optimized to 

minimize paracellular transport were utilized to investigate the kinetics involved in the 

transport of insulin-like growth factor-I from the apical side of confluent monolayers to 

the basolateral side.  Binding competitors were used to determine the role of the cell 

surface insulin-like growth factor-I receptor (IGF-IR) and cell surface insulin-like growth 

factor binding proteins (IGFBPs) in this transport process.  Although IGFBPs initially 

retard delivery of IGF-I, using a computation model, this report shows that pulse 

durations of less than 6 hrs resulted in enhanced delivery of IGF-I in the presence of 

IGFBPs, above that for delivery in the absence of IGFBPs.  In addition, the model was 

utilized to identify key parameters to target when developing engineered growth factors 

for the treatment of diseases.  It is shown that the sorting factions and internalization rates 



are reasonable targets for the design of engineered growth factors.  Since the sorting 

fractions are dictated by binding affinities in the acidic environment of the endosomes, it 

may be beneficial to design and analog of IGF-I that is more resistant to changes in pH, 

similar to those develop from epidermal growth factor. 
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Chapter 1: Introduction and Overview 

1.1 Transport properties 

1.1.1 Background 

One of the primary functions of epithelial cells, the cells that cover all surfaces of the 

body (69), is to maintain a protective barrier that regulates the transport of proteins and 

other substances to underlying tissues. Endothelial cells, a specialized form of epithelial 

cells that line blood vessels (69), serve a similar function in the vasculature.  Transport 

properties of these cell layers, once characterized, may be utilized to design methods of 

delivering drugs, such as growth factors.  To aid in drug delivery, receptors on the surface 

of these cells can be utilized to deliver compounds that would not normally cross these 

barriers, a process known as receptor-mediated transport (3, 51, 178).  Alternatively, 

compounds may be added to enhance barrier permeability and increase transport of drugs 

through the pathway mediated by cell-cell junction pathway, known as paracellular 

transport (133).  Since increased paracellular transport is associated with various 

diseases, such as Gaucher disease (81) and diabetes (150), disrupted barrier properties 

may be utilized to delivery therapeutics specifically to the affected area via the 

paracellular pathway.  However, use of this pathway is limited and does not always result 

in optimal delivery.  This dissertation characterizes the transport properties of endothelial 

and epithelial cells and develops a mathematical model to aid in the development of 

effective delivery strategies. 

1.1.2 Paracellular transport 

There are two modes of transport by which molecules cross endothelial and epithelial 

barriers: paracellular and transcellular.  Paracellular transport is a passive transport 

process where compounds pass between adjacent cells.  Transport of molecules via the 

paracellular pathway, including growth factors, depends on physico-chemical properties 

of the molecule (e.g. size and charge), properties of the cells, and hemodynamic force 

(64).  This transport pathway can be characterized through several means, such as 

measuring transmonolayer electrical resistance (TER) (Figure 1.1A) or by measuring the 
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transport of compounds that do not interact with the cell, such as phenol red (Figure 

1.1B) or inulin.  

A 
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Figure 1.1: Transmonolayer electric resistance and phenol 
red transport. 

(A) Transmonolayer electric resistance (TER) quantifies the 
ability of ions and electrolytes to permeate cell layers.  (B) 
Phenol red transport quantifies the ability of small molecules 
to cross cell layers. 

ellular transport is regulated by a series of dynamic junction components that 

ect neighboring cells (Figure 1.2).  These cell-cell connections are altered during 

us states, such as development (189), wound healing (180), and tumor cell 

stasis (17).  The upper-most cell-cell junctions are known as tight junctions since 

are the most restrictive and are largely responsible for the regulation of paracellular 

port.  Tight junctions are composed of the transmembrane protein occludin from 
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neighboring cells that bind one another.  In addition, the intracellular portion of occludin 

associates with the actin binding proteins known as zonula occludens (Z0-1, 2, and 3).  

However, West et al. recently showed that E-cadherin, a component of adherens 

junctions, localized with occludin in bronchial epithelial cells and contributed to barrier 

integrity (195).  The actions of E-cadherin are modulated by catenins that function either 

as junction-associated proteins or as regulators of intracellular signaling (68, 78, 116), 

depending on the needs of the cell.  Hence, the functionality of these junctions and thus 

the exclusivity of the paracellular pathway, not only relies upon protein expression, but 

also on cellular location and the organization of the proteins. 

 

Figure 1.2:  Proteins that regulate cell-cell junctions 

Extracellular occludin associates with zonula occludens 1 and 
2 which in turn connect to the actin cytoskeleton.  Similarly, 
extracellular epithelial cadherin (E-cadherin) and/or vascular 
endothelial cadherin (VE-cadherin) interact with intracellular 
β- and α- catenins, which connect to the actin cytoskeleton. 

 

1.1.3 Transcellular transport 

Transcellular transport (Figure 1.3) is an active transport pathway relying upon cell-

mediated uptake, sorting, and delivery.  Substantial research has been conducted with 
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transferrin and immunoglobulin-A (IgA) to characterize the internal mechanisms 

involved in transcellular transport.  Within 2 minutes after receptor binding (65, 107, 

166), transferrin and IgA are detected in early endosomes proximal to the surface of 

origin (apical or basolateral) and almost completely co-localize with soluble markers 

such as low density lipoprotein (LDL) and horseradish peroxidase (HRP), suggesting that 

at this point, soluble and receptor-bound ligands have similar intracellular pathways  (65, 

107).  These early endosomes, which appear as relatively large vesicles (107) with a pH 

of 5.8 (192), progress to form sorting endosomes.  The half-life of transferrin in sorting 

endosomes is 2 -3 minutes and, within the cell in general, is 5 – 8 minutes (65).  These 

sorting endosomes have long extensions, whose contents are destined for recycling 

endosomes.  The remaining contents of the sorting endosomes mature into late 

endosomes, which are then delivered to lysosomes.  Membrane bound transferrin and IgA 

are sorted to recycling endosomes while soluble markers such as LDL and HRP are 

sorted to lysosomes (65, 107, 166), suggesting that receptors and ligand/receptor 

complexes are destined for recycling, while dissociated ligands are destined for 

degradation.  Gibson et al. report that when added to the basolateral side of Madin-Darby 

canine kidney cells, approximately 80% of transferrin and 40% of IgA were recycled and 

approximately 20% and 60%, respectively, were transcytosed to the apical side (66).  In 

contrast, when epidermal growth factor (EGF) was added, nearly 80% was degraded, 

suggesting that intracellular trafficking varies from one ligand to another. 

 

The sorting of growth factors, such as EGF, depends on their ability to bind their 

receptors in the acidic environment of the endosomes.  The receptor for EGF can also 

bind with high affinity to similar molecules, such as transforming growth factor-α (TGF-

α .  At normal physiological pH, mouse EGF (mEGF), human EGF (hEGF), and TGF-α 

have very similar binding kinetics (56).  However, at acidic pH, such as that found in 

endosomes, the ratio of binding affinities of TGF-α at pH 6 and pH 7.4 is 9 times that of 

mEGF.  These differences in binding lead to a difference in sorting kinetics for each EGF 

receptor ligand (56, 120).  Similarly, Bevan et al. report that analogues of insulin with 

enhanced receptor binding at acidic pH undergo less degradation (39% for X10 analog 
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and 25% for H2 analog) in vivo than insulin (55%) (19).  They also report that insulin 

undergoes maximum degradation at pH 6, the conditions found in endosomes. 

 

Figure 1.3: Theoretical intracellular sorting pathways 

Cells internalize ligands and receptors through both apical and 
basolateral membranes.  Once internalized, early endosome 
(EE) are formed (either apical, AEE, or basolateral, BEE) 
which mature into sorting endosomes (apical, ASE, or 
basolateral, BSE).  From the sorting endosomes, recycling 
endosomes separate (ARE or BRE) and sorting endosomes 
mature into late endosomes or lysosomes (L). 

 

1.2 Insulin-like growth factor-I (IGF-I) 

Growth factors, such as insulin-like growth factor-I (IGF-I), are important regulators of 

cell division and tissue proliferation and, consequently, play a vital role in embryonic 

development (4, 43), wound healing (144), as well as in the development and treatment 

of various pathological conditions (6, 42, 73, 76, 96, 98, 99, 108, 136, 137, 149, 152-154, 

179, 183).  IGF-I is a 7.6 kDa polypeptide member of the insulin superfamily, which also 

includes insulin, insulin-like growth factor-II, relaxin, insulin like-3 and insulin like-4.  

The actions of IGF-I are mediated by high affinity interactions with its cell surface 

receptor (IGF-IR) and with IGF binding proteins (IGFBPs).  Due to structural similarities 

(Figure 1.4), IGF-I also participates in lower affinity interactions with the insulin 

receptor.  Insulin can also bind to IGF-IRs, but not to IGFBPs.   
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Similar to other growth factor receptors, IGF-IR is a transmembrane tyrosine kinase that 

is autophosphorylated after ligand binding and can, in many cells, activate signaling 

cascades, such as phosphatidylinositol-3 kinase (PI3K) and mitogen activated protein 

kinase (MAPK) (1, 193).  IGF-IR is composed of a disulfide-linked dimer, thereby 

eliminating the need for the ligand-induced dimerization that is characteristic of many 

growth factor receptors. 

 

Figure 1.4:  Receptors for the insulin superfamily 

The insulin-like growth factor-I (IGF-I) receptor has high 
sequence homology with the insulin receptor, particularly in 
the tyrosine (red) signaling domains and the cysteine rich 
(blue) domains.  Even though IGF-I and IGF-II are 
homologous, the IGF-II receptor is a member of the mannose-
6-phosphate, not insulin, family of receptors. 

 
 
There are six known IGFBPs and they have been shown to participate, to varying 

degrees, in IGF-inhibiting, IGF-enhancing, and IGF-independent actions (22, 30, 32, 44, 

46, 50, 70, 127-129) (Figure 1.5).  Since over 90% of circulating IGF-I is found in a 

complex with IGFBP-3 and an acid labile subunit (ALS), it has long been thought that the 

main function of IGFBPs was as carrier proteins for IGF-I.  However, recent research 

suggests IGFBPs serve a larger function than just carrier proteins (104, 105, 143, 194).  
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While several IGFBPs bind to cell surfaces with high affinity, IGFBP receptors have not 

yet been identified.  However, it has been suggested that the type V transforming growth 

factor β receptor (104, 105) and membrane-bound matrix metalloprotease-9 may also 

function as a receptors for IGFBP-3 (132) and the α5β1 integrin receptor may function as 

a receptor for IGFBP-1 (88).  Due to the large size of the IGF-I/IGFBP-3/ALS complex, 

it does not cross intact endothelium.  However, smaller IGFBPs (e.g. IGFBP-1 and 2) 

have been shown to cross the endothelium.  Several researchers (106, 110, 165) have 

reported nuclear localization of IGFBP-3 and Lee et al. report cooperativity between 

nuclear IGFBP-3 and retinoids (106). 

 

 

Figure 1.5: Actions of insulin-like growth factor binding 
proteins (IGFBPs) 

The actions of IGF-I are mediated by interactions with its 
receptor and with solution and cell surface insulin-like growth 
factor binding proteins (IGFBPs).  IGFBPs have the ability to 
inhibit and promote the actions of IGF-I. 

 

1.3 Biological Applications involving the IGF-I axis 

1.3.1 Tight junction permeability in metastasis 

When cellular proliferation becomes unregulated, i.e. through autocrine production of 

growth factors, benign or malignant tumors may form.  Malignant cells proliferate and 

invade their local environment by degrading extracellular matrix proteins to create a 

migration pathway (182).  As these malignant cells migrate, there is a disruption in the 
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cell-cell contacts that mediate paracellular transport.  The malignant cells then enter the 

bloodstream and are transported to a new locale, a process known as metastasis, where 

they again proliferate and invade the local environment. 

 

Most cancer cells are of epithelial origin and loss of cell-cell contacts, such as those 

mediated by occludin and E-cadherin, is a necessary step towards tumor cell metastasis. 

Many tumors overexpress either IGF-I, IGF-II, or IGF-IR (73, 76, 136, 149, 179, 183) 

and high serum levels of IGF-I have been associated with an increased risk of developing 

cancer (60, 170).  Increased activation of IGF-IR has been associated with altered 

expression of cell-cell junction proteins, such as decreased membrane expression of E-

cadherin in human colonic adenocarcinoma cells reported by Andre et al (5).  Changes in 

junction protein expression have been connected to increased tumor cell invasion and 

metastasis, as reviewed by Mauro et al (125).  For example, human breast cancer cells 

transfected with antisense IGF-IR had increased mobility and decreased aggregation and 

adhesion (146).  It is clear that activation of IGF-IR can disrupt cellular junctions and 

promote migration and metastasis, however studies investigating the role of autocrine 

production of IGF-I in the modulation of cell-cell junctions have not been undertaken 

until now.   

 

Growth factor action can occur through several different mechanisms, including 

autocrine and intracrine activation (173).  In autocrine signaling, endogenous growth 

factors produced by cells bind to cell surface receptors and initiate signaling cascades.  

However, intracrine signaling occurs following binding of endogenous growth factors to 

receptors inside the cells.  Autocrine signaling through the epithelial growth factor 

receptor (EGFR) has been found in 72% of lung squamous cell carcinomas that rarely 

develop ras mutations (83) and inhibition of autocrine signaling through the transforming 

growth factor-β receptor in mammary epithelial and mouse colon carcinoma cells 

reduced tumor cell invasive growth (142).  The insulin-like growth factor-I (IGF-I) 

autocrine system also affects tumor growth, such as the growth of esophageal carcinoma 

cells (115) and mammary epithelial cells (163).  Lahm et al. reported that blockage of the 

IGF-I receptor with a neutralizing monoclonal antibody prevented autocrine signaling by 
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IGF-II, decreased proliferation, cell number, and increased the double time in colon 

carcinoma cells (100).  Autocrine production of IGF-I also substantially increased the 

growth of a human thyroid cancer line (145). 

1.3.2 Delivery of therapeutics 

IGF-I has the potential to treat a variety of disorders, such as severe insulin resistance 

(99, 153), leprechaunism (6), renal failure (98), neurological disorders (108), Laron 

Syndrome (154), and diabetes (42, 96, 137, 152).  Current strategies to treat these 

diseases involve intravenous infusions of supraphysiological doses of IGF-I (42, 96, 137).  

Since these high doses cause unwanted side effects, such as hair loss, upper respiratory 

infections, increased production of IGF-I antibodies, and increased heart rate (71, 135), 

an understanding of the mechanisms involved in the transport of IGF-I from the 

bloodstream to underlying tissues may foster the development of better treatment 

strategies that minimize these side effects.    

 

Endothelial cells line the inside of blood vessels and constitute the primary barrier against 

transport from the bloodstream and thus play a key role in regulating the delivery of IGF-

I to tissues (Figure 1.6).  IGF-I has been reported to bind a variety of endothelial cells, 

including bovine brain microvessels (55), rat fat pad capillary endothelial cells (8), 

bovine aortic endothelial cells (BAEC) (8), bovine periaortic endothelial cells (11), and 

bovine pulmonary arterial endothelial cells (11).  Once bound, IGF-I is processed 

predominantly through non-degradation pathways (8, 11).  Non-degradation pathways 

have also been reported in human osteosarcoma cells (59), opossum kidney cells (46) and 

rat chondrocytes (164).  Schalch et al. report that degradation of 125I-IGF-I in rat 

chondrocytes was inhibited by chloroquine and ammonium chloride by raising the 

intralysosomal pH (164), suggesting that pH dependent intracellular binding kinetics 

dictate the overall fate of IGF-I.   

 

It remains unclear how IGF-I is transported across the endothelium.  IGF-I has been 

shown to bind to endothelial cells both in vitro (94) and in vivo (10, 23). In vitro studies 

with human umbilical vein endothelial cells (HUVECs) indicated that IGF-I was 
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transported across the cell layer (14).  However, this transport was not affected by 

blocking antibodies against IGF-IR or by excess IGF-I, indicating the transport was, in 

their system, mediated by the paracellular pathway.  In vivo, the actions of IGF-I are 

further complicated by the presence of IGFBPs.  In perfused rat hearts, approximately 3 – 

5% of the IGF-I was delivered to subendothelial tissues (12).  Shoubridge and Read 

report a 2 fold preferential transport of the longR3-IGF-I, which does not bind IGFBPs, 

over IGF-I in the intestines of rats (167). 

 

 

Figure 1.6: Drug delivery across endothelial cells 

Drugs may be transported across the endothelial barrier by 
either paracellular or transcellular transport. 

 

Recently, Grulich-Henn et al. reported substantial binding of 125I-IGF-I to the 

extracellular matrix produced by HUVECs, which contains IGFBP-2, suggesting IGFBP-

2 prevented 125I-IGF-I from binding to cell surface IGF-IR.  Further, IGFBPs, most likely 

IGBFP-6, mired the transport of 125I-IGF-I across bovine articular cartilage (62).  Bastian 

et al. demonstrated that the clearance rate of 125I-IGF-I in wound chambers implanted in 

rats was slower than that of 125I-LongR3-IGF-I, presumably due to binding to IGFBPs 

(15).  Previous reports have shown that IGFBPs can cross endothelial boundaries (9, 12) 

and transport IGF-I (23), but this has only been reported for endothelial cells in the rat 

heart or in cells with compromised barrier function (174). 
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Due to the pathological conditions requiring IGF-I treatment, endothelial cells of these 

patients may also be affected.  Therefore, it is important to consider how the mechanisms 

involved in IGF-I delivery may be altered in these conditions.  In a mouse model for 

Laron syndrome (LS), reduced levels of IGFBP-3 and IGF-I have been reported while 

levels of IGFBP-1, -2, and -4 remained unchanged (33).  Since IGFBP-3 functions as a 

carrier protein for IGF-I that regulates its actions, further consideration needs to be given 

to the pharmacokinetics involved. It has not been reported that there are changes in 

IGFBPs or IGF-IR levels in Gaucher disease, however, increased paracellular porosity is 

associated with this disease (81).  Increased paracellular porosity has also been reported 

in patients with type 1 diabetes mellitus (150).  Since these diseases may be treated with 

IGF-I, it may be feasible to target the paracellular pathway when designing delivery 

strategies.  Patients with diabetes also have increased levels of IGFBPs and IGF-IRs.  In 

insulin dependent diabetes mellitus, patients have increased production of IGFBP-1, and -

2 and occasionally increased proteolysis of IGFBP-3 is reported (18, 58).  Federici et al. 

found increased presence of insulin/IGF-I hybrid receptors in muscle and adipose tissue 

of patients with non-insulin dependent diabetes mellitus (47, 48), which could affect the 

kinetics of IGF-I binding. 

1.4 Computational Modeling 

Computational models have been utilized to expand the knowledge base of the 

mechanisms by which growth factor act, as reviewed recently by Wiley et al (196).  

Significant contributions have been made in the past decade that aid in an understanding 

of the mechanisms involved in sorting and signaling of the EGF receptor and its family of 

ligands, which may facilitate the development of therapeutic strategies involving the EGF 

family to treat various pathological conditions.  Models have been developed that 

describe sorting of EGF and several EGF analogs (56, 79, 176) and the dependence of 

acidic binding on sorting outcome (56).  Shvartsman et al. have developed a model of 

EGF signaling (168) and more recently, Resat et al. have developed a model that 

incorporated sorting as well as signaling events (157).  Models of sorting and transport of 

FGF and transferrin have also been developed (40, 166, 172).  Similar to the approach 

utilized in this dissertation, the model developed by Sperinde and Nugent described the 
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processing of FGF was based on the Law of Mass Action, which states that the rate of a 

chemical reaction is directly proportional to the active masses of each of the reactants.  

The parameters utilized by Spreinde and Nugent were determined from experiments, and 

the model was solved using numerical analysis.  In contrast, the model developed by 

Sheff et al. to describe transport of transferrin and IgA assumed first order kinetics, 

negligible dissociation, unidirectional transport, and the entire model was fit to the data 

using Microsoft Excel.   

 

Until now, modeling of intracellular sorting and transport has focused mainly on 

epithelial, not endothelial, cells.  Since many drugs are delivery systemically, it may 

prove beneficial to develop a model of drug transport across endothelial cells.  Further, 

few models of IGF-I action have been reported.  Boroujerdi et al. developed a 

compartmental model of in vivo IGF-I metabolism (24), however the mechanisms 

involved in IGF-I delivery were not included in the model. 

1.5 Overview of Dissertation 

The overall objective of this research consists of two main parts: (1) demonstrate that 

autocrine production of IGF-I modulates tight junction permeability and (2) demonstrate 

the ability of IGFBPs to regulate IGF-I delivery across cell layers.  The first part of this 

dissertation focuses on the role of autocrine production of IGF-I in modulating the 

permeability of epithelial cells (Chapter 2).  Changes in cell connectivity occur in various 

states, such as cell proliferation, wound healing, and tumor cell metastasis.  However, the 

mechanisms behind these changes largely remain unknown.  Cell connectivity was 

determined by measuring phenol red transport across monolayers of parental mammary 

epithelial cells (MAC-T) compared with transfected MAC-T that constitutively secrete 

IGF-I (Figure 1.7).  Since IGF-I secreting cell lines (TK-IGF-I and SV40-IGF-I) formed 

poor transport barrier and the parental cell line formed a complete barrier, co-culture 

studies between parental and IGF-I secreting cells were conducted to attempt to elicit 

altered barrier properties in parental cells.  Expression of the junction components 

occludin, E-cadherin, and β-catenin were quantified in parental and IGF-I secreting cell 

lines.  In addition, levels of IGF-IRs and one of its downstream signaling components, 
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Akt, were also quantified to aid in an understanding of the intracellular mechanisms 

involved in reduced barrier formation in the autocrine cell lines. 

 

Figure 1.7: Parental and autocrine epithelial cells 

Parental (MAC-T) and IGF-I secreting cells (TK-IGF-I and 
SV40-IGF-I) were utilized to investigate the role of autocrine 
production of IGF-I in modulating cell layer permeability.  
TK-IGF-I cells secreted moderate levels of IGF-I and SV40-
IGF-I cells secreted high levels. 

 

The second objective focused on exogenous rather than endogenous IGF-I and the role of 

IGFBPs and IGF-IRs in ligand transcytosis.  Since Bastian et al. report predominantly 

paracellular transport of IGF-I in both epithelial (13) and endothelial (14) cells, culture 

conditions were optimized to develop an in vitro model endothelial system that 

minimized paracellular transport and was more representative of in vivo endothelium 

(Chapter 3).  In culturing endothelial cells in vitro, various parameters may affect the 

properties of the cells.  For example, cells have been shown to have altered behavior 

when cultured on surfaces coated with different compounds (37, 61, 155, 184, 188), 

plated at different initial cell densities (90, 159), at different periods of culture time (13, 

155) and with different cell types (80, 92, 118, 131).  All of these parameters need to be 

optimized in order to develop a reliable and accurate in vitro model of the in vivo 
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endothelium.  Since there is interest in modeling the human endothelium, it is only 

natural to investigate the use of human endothelial cells in vitro.  However, due to cost 

and ease of culture, bovine endothelial cells also provide an excellent model mammalian 

cell system.  Investigations included human aortic endothelial cells (HAECs), human 

microvascular endothelial cells derived from the lung (HMVEC-L), and bovine aortic 

endothelial cells (BAECs), cultured on a varied of surface coatings (gelatin, collagen, and 

collagen-fibronectin).  Cells were plated at a variety of densities (5 x 104 – 2 x 105 

cells/cm2) and cultured from 2 – 16 days.  Assessment was based on the ability of the 

cells to form a confluent cell layer in a timely manner that was restrictive to the transport 

of compounds paracellularly. 

 

After optimizing conditions for a model endothelium that minimized paracellular 

transport, studies were conducted to characterize the transport of IGF-I across these cell 

layers (Figure 1.8) and the ability of IGFBPs to regulate this delivery (Chapter 4).  Since 

IGF-I can bind with high affinity to both IGF-IRs and IGFBPs, competitive binding 

experiments, similar to those used to generate Scatchard plots (103), were conducted to 

determine the binding affinity of IGF-I for each binding site, as well as the number of 

IGF-IR and IGFBP binding sites present.  Internalization experiments were conducted 

and Satin plots (119) were created to quantify internalization rates of IGF-I/IGF-IR and 

IGF-I/IGFBP complexes.  Transport experiments were also conducted to measure the 

apical to basolateral transport of IGF-I.  Binding competitors, such as insulin, Y60L-IGF-

I, and LongR3-IGF-I, were utilized to determined the contributions of each binding site, 

IGF-IR or IGFBP, in the delivery of IGF-I.  TCA and PTA precipitation experiments 

were conducted on the transported ligands to determine if any degradation had occurred.   
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Figure 1.8: Transcellular delivery of growth factors 

Transcellular delivery of growth factors depends on binding 
affinities to extracellular and intracellular receptors.  Changes 
in binding affinity in the acidic environment of the endosome 
dictate the sorting outcome, either degradation or delivery, of 
the growth factor. 

 

To aid in future development of therapeutic strategies, a computational model was 

developed (Chapter 5) based on experimental data collected from the optimized 

endothelial cell system (Chapter 4).  The model displayed similar trends as the 

experimental results reported in Chapter 4 and allowed further investigation of the system 

that was not possible through experiments.  Parameters, such as paracellular transport, 

ligand binding kinetics, and sorting parameters were varied to determine possible 

mechanisms to target for the design of therapies to facilitate IGF-I delivery to tissues. 

 

The final chapter (Chapter 6) reports conclusions and identifies future directions of this 

research.  Additional information is also included in the appendices.  
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2.1 Abstract 

Changes in cell connectivity occur in various states, such as cell proliferation, wound 

healing, and tumor cell metastasis.  However, the mechanisms behind these changes 

largely remain unknown.  This report describes how autocrine production of insulin-like 

growth factor-I (IGF-I) alters cell connectivity.  Cell connectivity was determined by 

measuring phenol red transport across monolayers of parental mammary epithelial cells 

(MAC-T) compared with transfected MAC-T that constitutively secrete IGF-I.  Parental 

cells formed a complete barrier to the transport of phenol red while IGF-I secreting cells 

provided essentially no barrier.  Neither co-culture studies between parental and IGF-I 

secreting cells nor addition of exogenous IGF-I or IGF binding protein-3 (IGFBP-3) 

altered parental cell phenol red transport properties.  IGF-I secreting cells expressed 

higher levels and activation of IGF-IR but lower levels of the junction components 

occludin, E-cadherin, and β-catenin than parental cells.  These results suggest that 

localized activity or intracrine mechanisms are involved in the decreased cell 

connectivity in the IGF-I secreting cell lines via changes in both the tight and adherens 

junction protein levels.   

   

2.2 Introduction 

Epithelial cells are essential for maintaining functional barriers that restrict the transport 

of proteins and other substances to underlying tissues.  This restricted transport is 

regulated via a series of cell-cell junction complexes that connect neighboring cells (138).  

These cell-cell connections are altered during various states, such as development (189), 

wound healing (180), and tumor cell metastasis (17).  Altered expression and function of 

junction proteins has been linked to the ability of epithelial cells to migrate (5, 109) and 

metastasize (26, 95), and increased paracellular permeability has been associated with the 

formation of tumors (171).   

 

Expression of proteins that form cell-cell junctions are altered following activation of 

signaling cascades involving downstream signaling pathways (25, 31), such as 
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phosphatidylinositol-3-kinase (PI3K) and mitogen-activated protein kinase (MAPK), 

similar to those activated by growth factor receptors (89).  For example, Grande et al. 

determined that reduced production of E-cadherin in thyrocytes following addition of 

epidermal growth factor (EGF) and transforming growth factor-β1 depended on signaling 

through the MAPK pathway (15).  Dependence on MAPK signaling has also been shown 

for hepatocyte growth factor stimulation of retinal pigment epithelial migration and β-

catenin signaling (113).  Treatment with insulin-like growth factor-I (IGF-I) caused 

sequestration of β-catenin away from E-cadherin in both colorectal and melanoma cancer 

cells (148) following Akt signaling.   

 

IGF-I is a polypeptide member of the insulin superfamly that is composed of 70 amino 

acids, has a molecular weight of ~7,600 Da, and binds with high affinity to its cell 

surface receptor (IGF-IR).  Similar to other growth factor receptors, IGF-IR is a 

transmembrane tyrosine kinase that is autophosphorylated after ligand binding and can, in 

many cells, activate signaling cascades, such as PI3K and MAPK (1, 193).  IGF-IR is a 

dimer composed of two alpha and two beta subunits linked by disulfide bonds, thereby 

eliminating the need for the ligand-induced dimerization that is characteristic of many 

growth factor receptors.     

 

Most cancers are of epithelial origin and many overexpress IGF-I, IGF-II or IGF-IR (149, 

179, 183).  Activation of IGF-IR has been associated with altered expression of cell-cell 

junction proteins, such as decreased membrane expression of E-cadherin in human 

colonic adenocarcinoma cells, as reported by Andre et al. (5).  Changes in junction 

protein expression have been connected to increased tumor cell invasion and metastasis, 

as reviewed by Mauro et al. (125).  For example, human breast cancer cells transfected 

with antisense IGF-IR had increased mobility and decreased aggregation and adhesion 

(146).  It is clear that activation of IGF-IR can disrupt cellular junctions and promote 

migration and metastasis, however little is known about how autocrine production of 

IGF-I affects the cell-cell junctions.   
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The research presented in this chapter focuses on the relationship between autocrine 

production of IGF-I and loss of cell connectivity.  Cell connectivity was determined by 

measuring phenol red transport across cell layers of mammary epithelial cells (MAC-T) 

and transfected MAC-T, which constitutively secrete IGF-I.  Parental cells formed a 

complete barrier to the transport of phenol red while IGF-I secreting cells provided 

essentially no barrier.  Neither co-culture studies between parental and IGF-I secreting 

cells nor addition of exogenous IGF-I altered parental cell phenol red exclusion 

properties, suggesting that exogenous factors produced by the IGF-I secreting cells are 

not responsible for the altered barrier properties.  The hypothesis is that localized IGF-I, 

possibly through intracrine mechanisms, accounts for these changes in barrier properties. 

Materials and Methods 

2.2.1 Epithelial cell lines.   

The normal mammary epithelial cell line (MAC-T), and two IGF-I secreting cell lines 

(SV40-IGF-I and TK-IGF-I) and plasmid control cell lines developed from the MAC-T 

cell line were used in these studies.  The IGF-I secreting cells were transfected to secrete 

IGF-I under the control of the SV40 and TK promoters respectively (162).  The plasmid 

control cell lines were transfected with a plasmid containing the SV40 promoter without 

IGF-I cDNA.  All cells were grown in DMEM (Gibco, Grand Island NY) with 10% FBS 

(Hyclone, Logan UT) and 50 units/ml of penicillin/streptomycin (Mediatech, Herndon 

VA).  The plasmid control cell lines were also grown in the presence of 0.1 mg/ml 

hygromycin B (Calbiochem, San Diego CA). 

 

2.2.2 Cell culture.  

To compare the effects of autocrine and paracrine (or exogenous) IGF-I on cell 

connectivity, cells were cultured in several experimental configurations, either on the 

upper (Figure 2.1A) or lower (Figure 2.1B) surface of tissue culture inserts.  

Additionally, co-culture studies were conducted using one cell type cultured on tissue 

culture inserts and another cell type cultured in the tissue culture well (Figure 2.1C and 

Figure 2.1D).    In all configurations, cells were plated at 5 x 104 cells/cm2 on either 
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Transwell inserts (Corning Costar, Cambridge MA) (12 mm, 0.4 µm pore size) or in 12 

well plates (Corning Costar) and cultured for 8 days, with media replenished every 2 – 3 

days. 

 

Figure 2.1: Configuration of cell monolayers using tissue 
culture inserts in well plates 

The cells were plated on the upper (A) or lower (B) surface of 
the tissue culture insert or in co-culture with cells plated on the 
well surface (C and D). 

 

2.2.3 Phenol red transport.   

The transport of phenol red was evaluated based on a protocol described previously 

(198).  Briefly, cells were washed with Dulbecco’s phosphate buffered saline (DPBS).  

The media in the apical chamber was replenished with DMEM+ (DMEM with phenol 

red, 50 units/ml penicillin/streptomycin, and 10% FBS) and the media in the basolateral 

chamber was replaced with DMEM- (phenol red free DMEM, 50 units/ml 

penicillin/streptomycin, and 10% FBS).  Cultures were incubated at 37°C for 12 hours.  

Following incubation, 1 ml samples were taken from the basolateral chamber and 

analyzed in a spectrophotometer at 479 nm. 

2.2.4 Total protein quantification.   

Total protein quantification based on protein binding to colloidal gold was conducted 

using Quantigold (Diversified Biotech, Boston MA) as described by the manufacturer. 

Briefly, membranes were cut from the insert using a hypodermic needle and incubated in 
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trypsin and EDTA (Mediatech) overnight.  Following incubation, buffer (0.1 M 

Na2HPO4, 4 M NaCl, 0.004 M Na2EDTA-2H2O, pH 7.4) was added and samples were 

sonicated at setting 5 for 10 seconds using Model 60 Sonic Dismembrator (Fisher 

Scientific).  Samples were combined with Quantigold and analyzed in a 

spectrophotometer at 595 nm. 

2.2.5 ECM Isolation.   

Extracellular matrix (ECM) was isolated as described previously (140).  Briefly, media 

was aspirated and inserts were washed with DPBS.  Cells were then solubilized with 

DPBS, 0.5% Triton X-100, and 20 mM NH4OH for 5 minutes at room temperature.  

Inserts were aspirated and washed 4 times with DPBS.  The remaining material has been 

previously characterized by others as ECM (67, 190). 

2.2.6 Western Ligand Blot.  

Ligand blot analysis was conducted as described previously (82).  Briefly, cells were 

grown on Transwell inserts for 8 days with media changed every 2-3 days and 

conditioned media (CM) was collected on day 8.    CM samples were concentrated using 

a SpeedVac Model SC110 (Savant, Holbrook NY) and reconstituted in water.  Samples 

were then diluted with 2x loading buffer (0.125 M TRIS, 4% SDS, 20% glycerol, 1% 

bromophenol blue), loaded into a 12.5% acrylamide gel, and separated at constant 

current.  Samples were then transferred to nitrocellulose membranes and incubated 

overnight with 125I-IGF-I.  Membranes were exposed to film for 3-7 days at -70ºC. 

2.2.7  Western Immunoblot.   

Cells were grown on Transwell inserts for 8 days with media changed every 2-3 days 

and collected in Laemmli buffer for Western blot analysis.  Samples were sonicated, 

boiled, and loaded (20 µg total protein per lane for phospho-Akt and total Akt, and 50 µg 

for all others) into 5% (for E-cadherin and β-catenin), 7% (for occludin, phospho-Akt, 

and total Akt) or 10% (for IGF-IR) tris-glycine gels.  Samples were separated at constant 

voltage and transferred to PVDF membranes.  Membranes were then probed with rabbit 

anti-IGF-IRβ (1:10,000) (Santa Cruz Biotechnology, Santa Cruz CA) and anti-rabbit 

(1:15,000) (Zymed, San Francisco CA), mouse anti-E-cadherin (1:5000) (BD 
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Biosciences, San Jose CA) and anti-mouse (1:15,000) (Zymed), mouse anti-β-catenin 

(1:2500) (BD Biosciences) and anti-mouse (1:15,000), rabbit anti-occludin (1:16,000) 

(Zymed) and goat anti rabbit (1:20,000) (Zymed), or rabbit anti-phospho-Akt (1:1000) 

(Cell Signaling Technology, Beverly MA) and goat anti-rabbit (1:15,000) (Zymed).  The 

phospho-Akt blots were stripped (2% SDS, 62.5 mM Tris-HCl, 100 mM β-

mercaptoethanol, pH 6.7) and reprobed for total Akt using rabbit anti-Akt (1:5000) (Cell 

Signaling Technology) and goat anti-rabbit (1:15,000) (Zymed) to insure comparable Akt 

protein levels were found in all lanes.  Blots were developed using Pierce Super Signal 

West Pico Kit (Rockford, IL).  

2.2.8 IGF-I Binding Studies.   

Cells were plated on Transwell® inserts (5x104 cells/cm2) and cultured for either 4 or 8 

days, with media exchanged every 2–3 days.  Cells were washed with DPBS and binding 

buffer (0.05% gelatin, 120 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 15 mM sodium 

acetate, 25 mM Hepes, 10 mM dextrose, pH 7.4) was added to the apical chamber and 

cells were incubated at 4°C for 20 minutes.  Following incubation, 125I-IGF-I (2 ng/ml) 

and Y60L-IGF-I (10 µg/ml) were added and cells were then incubated at 4°C for 12 hrs.  

On ice, binding buffer was aspirated, cells were washed twice with ice cold DPBS, and 

lysed with 0.3 N NaOH.  Samples were collected and analyzed in a COBRA II Auto-

Gamma counter (Perkin Elmer Life Sciences, Downers Grove IL).   

2.2.9 Statistical Analysis.   

All experiments were performed a minimum of three times and number of samples within 

an individual experiment used to calculate the mean ± standard error of the mean is stated 

within the figure legend.  Blots are representative of at least three blots run from material 

obtained from three independent experiments.  Statistical comparisons were conducted by 

two-tailed t-tests in Microsoft Excel with significance defined as p < 0.05. 
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2.3 Results 

2.3.1 Effect of autocrine IGF-I production.   

Epithelial cells both in vivo and in vitro are known to form junctions that prevent the 

unregulated movement of proteins across the cell barrier (138).  Since MAC-T cells are 

derived from primary mammary epithelial cells (84), it was not surprising that, when 

cultured on tissue culture inserts, a nearly complete barrier to paracellular transport was 

evident using a phenol red transport assay (Figure 2.2).   Since the IGF-IR is believed to 

affect cell-cell junction formation (125), the hypothesis was that autocrine production of 

IGF-I, which can impact IGF-IR levels, would alter cell barrier properties.  To evaluate 

this, the barrier properties of two MAC-T derived cell lines that were stably transfected to 

secrete IGF-I under the control of two different constitutive promoters (162), were 

evaluated.  Neither of these cell lines (Figure 2.2) formed a barrier to the transport of 

phenol red (94 ± 7 % (mean ± SE, n = 4) of control, where control represents inserts 

without cells).  Moreover, prolonged culture of IGF-I secreting cells for up to 16 days 

failed to elicit substantial barrier activity compared with the non-IGF-I secreting parental 

cells (Appendix D).  In additional, several plasmid control clones of cells (MAC-T cells 

transfected with a plasmid containing the SV40 promoter but lacking the IGF-I cDNA)  

 

Figure 2.2: Phenol red transport across parental and IGF-
I secreting bovine mammary epithelial cells 

Phenol red transport across MAC-T (●), SV40-IGF-I (□), and 
TK-IGF-I (◊) cells plated on tissue culture inserts at an initial 
density of 5 x 104 cells/cm2.  Measurements (mean ± S.E., 
n=4) are representative of 3 independent experiments. 
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yielded barrier activity similar to the parental cells (Appendix D).  Since TK-IGF-I and 

SV40-IGF-I cell lines secrete substantial levels of IGF-I (162), this suggested that the 

difference in transport barrier properties observed between the normal and IGF-I 

secreting cells was induced by the secretion of IGF-I and not due to the transfection 

process or promoters. 

 

2.3.2 Cell Density and Barrier Properties.   

Differences in transport properties could be related to the density of cells covering the 

transport area.  However, the formation of a transport barrier was not directly related to 

the cell number present (Figure 2.3).  The number of TK-IGF-I cells present after 8 days 

of growth, as determine by total protein content, was not significantly different from that 

of MAC-T cells, even though they have significantly different barrier properties (Figure 

2.2).  Further, SV40-IGF-I and TK-IGF-I cells had identical barrier properties at all time 

points, but significantly different protein levels.  Since similar barrier properties were 

measured for the two IGF-I secreting cell lines, subsequent studies utilized the SV40-

IGF-I cells, which secrete higher levels of IGF-I (162).  

 

 

Figure 2.3: Total protein content of parental and IGF-I 
secreting bovine mammary epithelial cells 

Total protein content of MAC-T (●), SV40-IGF-I (□), and 
TK-IGF-I (◊) cells plated on tissue culture inserts at an initial 
density of 5 x 104 cells/cm2.  Measurements (mean ± S.E., 
n=2) are representative of 3 independent experiments. 
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2.3.3 Effect of extracellular matrix (ECM) formation. 

Since IGF-I can alter ECM production (151), studies were conducted to determine 

whether the ECM produced by the parental cells was responsible for differences in 

barrier properties between the parental and IGF-I secreting cells.  Removal of the MAC-T 

cells nearly eliminated phenol red exclusion (89 ± 1 % of control) and yielded similar 

results to either the isolated ECM from SV40-IGF-I cells or intact SV40-IGF-I cells (90 ± 

1 % and 91 ± 0.1 % of control, respectively).   

2.3.4 Exogenous IGF-I or IGFBP-3 does not impact MAC-T barrier properties.   

Since secretion of IGF-I is the primary difference between the autocrine and parental 

cells, studies were conducted to determine if addition of exogenous IGF-I could disrupt 

the ability of MAC-T cells to form a transport barrier.  Addition of IGF-I, at levels 

comparable and higher to those secreted by SV40-IGF-I cells (162), did not alter the 

ability of MAC-T cells to form a restrictive barrier (Figure 2.4).  However, differences in 

the IGF binding protein profiles from the MAC-T and SV40-IGF-I cells were also 

detected (Figure 2.5A).  IGFBP-3 was not evident in either the apical or basolateral 

conditioned media from MAC-T cells but was abundant in the SV40-IGF-I samples 

(~250% apically and ~30% basolaterally more than complete media).  To ascertain if  

 

Figure 2.4: Phenol red transport across MAC-T in the 
presence of IGF-I 

Phenol red transport across MAC-T cultured in complete 
DMEM supplemented every media change with 0 (●), 50 (□), 
or 100 ng/ml (◊) IGF-I plated on tissue culture inserts at an 
initial density of 5 x 104 cells/cm2.  Measurements (mean ± 
S.E., n=4) are representative of 3 independent experiments. 
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exogenous IGFBP-3 might alter the barrier properties of MAC-T cells, MAC-T cells 

were plated and incubated in complete media supplemented with IGFBP-3.  Inclusion of 

exogenous IGFBP-3 did not impair the ability of MAC-T cells to form a restrictive 

barrier (Figure 2.5B). 
   

A MAC-T SV40 Control
Apical   Baso Apical    Baso Apical   Baso 

IGFBP-2 

IGFBP-3 

B 

Figure 2.5: Affect of IGFBP-3 on phenol red transport 

 (A) Western ligand blot of MAC-T and SV40-IGF-I 
conditioned media and control (complete media).  Conditioned 
media was collected from the apical (0.5 ml) and basolateral 
(1.5 ml) compartments and treated as described in the 
Materials and Methods.  Blots are representative of 3 
independent experiments.  (B) Phenol red transport across 
MAC-T incubated with 0 (●), 10 ( ), 100 ( ), and 1000 ( ) 
ng/ml IGFBP-3.  Measurements (mean ± S.E., n=4) are 
representative of 3 independent experiments. 

2.3.5 Co-culture does not alter barrier properties.   

IGF-I can induce secretion of a number of other effectors, such as vascular endothelial 

growth factor (27) and estradiol (97).  In addition, it is reported ere that SV40-IGF-I cells 

secreted ~15% more apical and ~40% more basolateral IGFBP-2 than MAC-T cells 

(Figure 2.5A).  Co-culture systems (Figure 2.1) were utilized to address whether these 

other factors might be responsible for the loss of phenol red exclusion.  Inclusion of 
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SV40-IGF-I cells only slightly impacted phenol red exclusion by MAC-T cells cultured 

on either the upper or lower surface of the insert (Table 2.1).  Similarly, inclusion of 

MAC-T cells did not alter the poor barrier properties of SV40-IGF-I, suggesting that a 

“barrier-promoting” factor was not being secreted by the parental cell line.  The slight 

difference in barrier properties that was detected between cells in single culture cells and 

cells in co-culture is likely due to depletion of nutrients and accumulation of cellular 

waste products within the culture media since changes in media color that were noticed 

within the testing period were not seen in the single culture systems. There was no 

difference in phenol red exclusion between cells cultured on either the basolateral or 

apical surface of the insert, which suggested that there was no polarity in response to 

factors secreted by cells on the tissue culture well.  

Table 2.1: Phenol red transport across MAC-T in single 
culture and in co-culture with SV40-IGF-I cells.   

Measurements (mean ± S.E., n=4) are representative of 3 
independent experiments and are normalized to % of inserts 
without cells. 

Apical Surface Basolateral Surface Days of 

Growth Single Culture Co-culture Single Culture Co-culture 

2 68 ± 6 % 74 ± 7 % 93 ± 5 % 98 ± 5 % 

4 20 ± 2 % 23 ± 3 % 40 ± 12 % 49 ± 11 % 

6 7 ± 1 % 38 ± 13 % 15 ± 2 % 34 ± 11 % 

8 4 ± 1 % 13 ± 4 % 16 ± 1 % 29 ± 4 % 

 

2.3.6 Decreased IGF-IR binding for parental cells at day 8.   

Previous work indicated that, on tissue culture plastic, SV40-IGF-I cells had reduced 

IGF-IR binding when compared to the MAC-T cells (162).  Since IGF-IRs have been 

shown to influence cell-cell adhesion (125), binding of IGF-I to IGF-IR was compared 

after 4 and 8 days in culture (Figure 2.6A).  Receptor binding studies were conducted in 

the presence of Y60L-IGF-I, an analog with normal affinity to IGFBPs but minimal 
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affinity for IGF-IR (16), to block binding of tracer to IGFBPs.  MAC-T cells bound 

significantly more 125I-IGF-I per cell than either of the IGF-I secreting cell lines at day 4 

which is in agreement with the previous studies for cells cultured on plastic.  However, 

significantly less IGF-IR binding to the parental cells than either autocrine cell line on 

day 8 was measured (p < 0.05).  Further, this change was not due to an increase in IGF-

IR capacity for the IGF-I secreting cell lines but to a downregulation by parental cells, 

suggesting that the decreased IGF-IR was advantageous for phenol red transport 

inhibition.  Verification that reduced binding correlated with reduced protein levels was 

performed through western immunoblotting (Figure 2.6B).  After 8 days in culture, levels 

of IGF-IR in the parental cells were below detection while SV40-IGF-I cells expressed 

 

A 

 

 
 B C 

MACT SV40 TK MACT SV40 TK 
 -        +       -        +        -        +  IGF-I 

 

 

Figure 2.6:  MAC-T cells express reduced levels of IGF-IR 
at Day 8.   

A.  Binding of 125I-IGF-I to MAC-T (□), SV40-IGF-I (■), and 
TK-IGF-I (⊗) cells at 4ºC after 4 or 8 days in culture.  
Measurements (mean ± S.E., n=2) are representative of 3 
independent experiments. B.  Western immunoblot of MAC-
T, SV40-IGF-I, and TK-IGF-I cell lysates probed for IGF-
IRβ.  Cells were plated on tissue culture inserts at 5 x 104 
cells/cm2, lysed after 8 days of culture, and probed.  C.  
Western immunoblot of MAC-T, SV40-IGF-I, and TK-IGF-I 
cell lysates probed for phospho-Akt on day 8 ± IGF-I (100 
ng/ml).   
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the most IGF-IR, three times that of TK-IGF-I cells (Figure 2.6A).  Despite the reduced 

levels measured, IGF-IRs on the parental as well as the autocrine cells were responsive to 

IGF-I as evident by phosphorylation of Akt (Figure 2.6C).  In addition, there was some 

endogenous phosphorylation of Akt in the SV40-IGF-I cells that was not evident with 

either the TK-IGF-I cells or MAC-T cells. 

2.3.7 Autocrine cells express reduced levels of adherens and tight junction 

proteins.     

Since cell-cell junctions regulate transport barriers, western immunoblots were conducted 

to identify the junction proteins associated with the differences in barrier properties 

between parental and IGF-I secreting cells.  A decrease in the tight junction protein 

occludin was found for the autocrine cells when compared to the parental cell lines 

(Figure 2.7A).  Further, expression of the adherens junction protein E-cadherin and its 

intracellular binding partner β-catenin were also reduced when compared to the parental 

cell line (Figure 2.7B and C).  Specifically, TK-IGF-I cells had approximately 50% less 

occludin, 20% less E-cadherin and 20% less β-catenin than MAC-T cells and SV40-IGF-

I cells had approximately 50% less occludin, 90% less E-cadherin and 40% less β-catenin 

than MAC-T cells. 

 MACT SV40 TK 

A  

 B 
 

 
C  

 

Figure 2.7: Autocrine cells have decreased levels of 
adherens and tight junction proteins.   

Western immunoblots of MAC-T, SV40-IGF-I, and TK-IGF-I 
cell lysates.  Cells were plated on tissue culture inserts at 5 x 
104 cells/cm2, lysed after 8 days of culture, and probed for 
occludin (A), E-cadherin (B), and β-catenin (C).  Arrows 
indicate the expected molecular weights of occludin (65 kDa), 
E-cadherin (120 kDa), and β-catenin (92 kDa). 
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2.4 Discussion 

Growth factors and their receptors, including IGF-I and IGF-IR, are capable of altering 

cell barrier formation (76, 146, 183) but that effect can be cell type specific.  For 

example, McRoberts et al. report increased permeability in human colonic epithelial cell 

after 2 days of basolateral exposure to IGF-I (130).  However, Ericson et al. did not 

detect any significant increase in permeability of pig thyrocytes until after 16 days of 

treatment and the increase was only a partial loss of barrier properties, not the nearly 

complete loss reported by McRoberts et al. (130).  This report shows that autocrine 

production, but not exogenous treatment, of IGF-I in mammary epithelial cells increased 

paracellular permeability (Figure 2.2). Moreover, this was accompanied by reductions in 

occludin, E-cadherin and β-catenin expression levels (Figure 2.7).   

 

Various growth factors, such as fibroblast growth factor (FGF) (158), transforming 

growth factor (117), and hepatocyte growth factor (87) have been reported to decrease 

levels of occludin, resulting in increased paracellular permeability, However, until now, 

there has been little reported on the effect of IGF-I on occludin expression levels.  Recent 

studies have suggested a relationship between increased paracellular permeability and 

expression of cadherins (57, 141, 181, 186).  Zabner et al. report that treatment of various 

types of epithelial cells with histamine resulted in increased permeability that was 

attributed to a reduction in E-cadherin-mediated junctions, not tight junctions (200).  

Further, blocking peptides to the EC-1 domain of E-cadherin produced a three fold 

increase in the permeability of Madin-Darby canine kidney epithelial cells (169).  E-

cadherin co-localizes at tight junctions (195), which have traditionally been thought to 

regulate paracellular transport (177).  This report shows that IGF-I secreting cells 

expressed less E-cadherin than the non-IGF-I secreting parental cell line and that this 

expression is inversely correlated with the level of IGF-IR.  Further, lost E-cadherin 

expression was coincident with increased paracellular permeability and seemingly 

dependent on the amount of IGF-I secreted as the highest IGF-I secreting cell line 

expressed the least amount of E-cadherin but the most IGF-IR.  In contrast, Mauro et al. 

found that overexpression of IGF-IR in MCF-7 cells did not change E-cadherin or β-

catenin expression but altered ZO-1 levels (124).  Interestingly, Guvakova et al. report 
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that overexpression of IGF-IR in MCF-7 cells did not change E-cadherin expression in 

most clones, however, decreased expression was detected in one clone following 

treatment with IGF-I (72).  Further, expression of E-cadherin co-localized with IGF-IR in 

these MCF-7/IGF-IR cells.  Andre et al. report that the expression levels of E-cadherin, 

α-catenin, and β-catenin in human colonic adenocarcinoma cells were not altered 

following treatment with des(1-3)IGF-I, however, there was increased tyrosine 

phosphorylation of these junction components, which has been shown to decrease cell-

cell adhesion (5).  This suggested that the pattern of expression and phosphorylation as 

well as the total expression of junction components should be considered.   

 

Increased cell layer permeability and decreased expression of E-cadherin have been 

detected in a variety of metastatic cells, suggesting a relationship between loss of cell-cell 

contact and tumor progression.  Normal cells, upon reaching confluence, undergo contact 

growth inhibition whereby signaling cascades are initiated when E-cadherin molecules on 

adjacent cells adhere to each other and β-catenin is sequestered away from the nucleus 

into the plasma membrane (68).  Dietrich et al. measured a 9 fold increase in E-cadherin 

and a 4 fold increase in β-catenin expression in confluent cultures of human keratinocyte 

and rat epithelial cells, and a translocation of β-catenin from intracellular regions to the 

plasma membrane with increasing cell density (38).  The studies reported here suggest 

there is cell-cell contact mediated downregulation of IGF-IR in parental cells but not 

IGF-I secreting cells, despite similar and higher cell densities (Figure 2.3).  The 

connected between increased expression of E-cadherin and β-catenin is unclear.  Playford 

et al. report that IGF-I treatment of colorectal cancer cells rapidly disrupted the E-

cadherin/β-catenin interaction and resulted in sequestration of β-catenin from the plasma 

membrane to the nuclear portion (148), suggesting IGF-I may impact contact-dependent 

growth inhibition by disruption of cell-cell contacts.  

 

Growth factor action can occur through several different mechanisms.  In autocrine 

signaling, growth factors are secreted by cells and released to the extracellular 

environment, whereby they bind to and activate growth factor receptors on the cell 

surface (173).  However, with intracrine signaling, stimulation occurs before the growth 
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factor can be released to the extracellular environment via interaction with intracellular 

receptors (156).  In recent years, there has been a growing interest in intracrine signaling, 

particularly with regard to the EGF (197), FGF (21, 175) and IGF (41, 112, 185) families.  

In the studies reported here, addition of exogenous growth factors and other effectors, 

such as IGFBP-3, failed to alter the barrier properties of parental cells, suggesting that 

intracrine, and not autocrine, actions could account for differences in cell-cell contact for 

the IGF-I secreting and non-IGF-I secreting cell lines.  However, at this time signaling 

through autocrine IGF-I localized proximal to the cell surface can not be ruled out.   

 

In conclusion, autocrine production of IGF-I, possibly through intracrine signaling, 

reduced cell connectivity in mammary epithelial cells.  Non-IGF-I secreting cells formed 

a nearly exclusive transport barrier that was unaltered by exogenous factors secreted by 

IGF-I secreting cells.  Further, parental cells expressed downregulated levels of IGF-IRs 

with increasing cell density.  In comparison, IGF-I secreting cells exhibited increased 

paracellular permeability, as well as reduced expression of the cell-cell junction 

components, E-cadherin and β-catenin, but IGF-IR expression remained constant with 

increasing cell density.  These results suggest an intracellular regulation of cell-cell 

contact, possibly through IGF-I/IGF-IR action. 
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3.1 Abstract 

Establishment of an in vitro cell model is dependent on many factors including surface 

coating, plating density, and culture time.  The model reported here utilizes bovine aortic 

endothelial cells (BAEC) cultured on coated Transwell inserts.  Assessment of 

monolayer integrity was determined by transmonolayer electrical resistance (TER), 

phenol red transport, and expression and organization of occludin.  BAEC were plated at 

different densities (5x104, 1x105, 2x105 cells/cm2) on Transwell inserts, either uncoated 

or coated with rat tail collagen, rat tail collagen and fibronectin, or gelatin.  BAEC plated 

at 5x104 cells/cm2 on rat tail collagen and fibronectin (RTCF) coated inserts formed the 

most restrictive barrier.  After 8 days of culture under these conditions, the BAEC 

monolayer had a peak TER of 37 ± 11 ohms-cm2 and limited the transport of phenol red.  

For each surface coating, BAEC plated at 5x104 cells/cm2 had approximately three fold 

higher expression of occludin per cell than BAEC plated at 1x105 cells/cm2.  Cells 

cultured on RTCF coated inserts expressed the most occludin, twice as much as cells 

cultured on uncoated inserts.  This increased expression of occludin was accompanied by 

enhanced formation of tight junctions, as determined by confocal imaging. This paper 

outlines an in vitro model for endothelium transport barrier and demonstrates that 

increased expression of occludin is involved in this enhancement. 

3.2 Introduction 

Endothelial cells line the inside of blood vessels and regulate the transport of compounds 

from the bloodstream to the underlying tissues.  Large blood vessels are composed of 

three concentric layers.  The innermost layer (tunica intima) has intimate contact with the 

bloodstream and is composed of a monolayer of endothelial cells on top of subendothelial 

connective tissue (63).  As the innermost layer of the blood vessel, endothelial cells form 

the primary barrier to transport from the bloodstream to the underlying tissues (64, 91, 

147).  Transport through this layer can occur through two pathways; passively between 

adjacent cells or actively through the cells.  A drug transported actively through the cell 

must first enter the cell (endocytosis), avoid digestion within the cell, and finally be 

transported to the other side of the cell (exocytosis): a process known as transcytosis. 
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Endothelial cells attach to and communicate with each other through a series of junctions.  

The junction complexes closest to the bloodstream are called tight junctions.  The tight 

junctions form a dynamic barrier between neighboring endothelial.  The tight junctions 

are formed by interactions between intermembrane proteins, such as occludin, from 

neighboring cells that bind one another (36, 86).  It has been suggested that occludins 

regulate transendothelial electrical resistance and paracellular permeability (7, 80, 86, 87, 

126, 187).  In addition, collagen and other extracellular compounds can directly influence 

the transendothelial transport of proteins such as albumin via binding interactions (37, 

118, 121). 

 

Several methods exist for characterizing the permeability of a cell monolayer in vitro.  

Transmonolayer electrical resistance (TER) has been a popular method for evaluating the 

barrier properties of epithelial and endothelial cells in culture (14, 34, 91).  This method 

evaluates the ability of small charged particles to pass between adjacent cells.  Another 

method of monitoring the permeability of cell monolayers is by measuring the transport 

of phenol red, a pH indicator with a molecular weight ~250 (198).  One assumption 

inherent with both methods is that transport primarily occurs through paracellular and not 

intracellular transport. 

 

In culturing endothelial cells in vitro, various parameters may affect the properties of the 

cells.  For example, cells have been shown to have altered behavior when cultured on 

surfaces coated with different compounds (37, 61, 155, 184, 188), plated at different 

initial cell densities (90, 159), at different periods of culture time (13, 155) and with 

different cell types (80, 92, 118, 131).  All of these parameters need to be optimized in 

order to develop a reliable and accurate in vitro model of the in vivo endothelium.  Since 

there is interest in modeling the human endothelium, it is only natural to investigate the 

use of human endothelial cells in vitro.  However, due to cost and ease of culture, bovine 

endothelial cells also provide an excellent model mammalian cell system. 
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Both of these cell types were investigated in the development of an optimized in vitro cell 

culture based model endothelium.  Assessment was based on the ability of the cells to 

form a confluent cell layer in a timely manner that was restrictive to the transport of 

compounds paracellularly. Human aortic endothelial cells (HAEC) were tested but 

proved to be very unreliable due to issues with reproducibility of TER measurements.  

Human microvascular endothelial cells (HMVEC-L)m derived from the lung, performed 

fairly well in vitro but were not as easy to culture as bovine aortic endothelial cells 

(BAEC).  BAEC formed the best barrier to transport and proved to be an easy and 

reliable cell type to culture.  BAEC plated at 5x104 cells/cm2 plated on RTCF coated 

inserts formed the best barrier properties as assessed by TER measurements and phenol 

red transport. 

3.3 Materials and Methods 

3.3.1 Endothelial cell culture.  

Pooled bovine aortic endothelial cells (BAEC) were purchased from Clonetics 

(Walkersville, MD) and grown in DMEM (Mediatech, Herndon VA) with 10% calf 

serum (Hyclone, Logan UT), 2 mM glutamine (Mediatech) and 50 units/ml of 

penicillin/streptomycin (Mediatech). BAEC were used between passages 6-10.  Human 

aortic endothelial cells (HAEC) were purchased from Cascade Biologics (Portland, OR) 

and grown in the recommended media of Medium 200 and low serum growth supplement 

(Cascade Biologics) with the addition of 50 units/ml of penicillin/streptomycin.  HAEC 

were isolated from a 17 year old male and received cryopreserved at passage 4.  HAEC 

cultures were used between passages 8-10.  Human microvascular endothelial cells 

derived from the lung (HMVEC-L) were purchased from Clonetics and grown in the 

recommended media of EGM-2-MV (Clonetics).  HMVEC-L were isolated from a 31 

year old Caucasian male and received cryopreserved at passage 4.  HMVEC-L cultures 

were used between passages 8-10.  Bovine mammary epithelial cells (MAC-T) were 

cultured as described previously (161).  Human colon carcinoma cells (C2BBe1) were 

cultured in DMEM with 1.5 g/L sodium bicarbonate, 0.001mM sodium pyruvate, 10 

mg/L transferrin, and 10% FBS. 
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3.3.2 Coating of inserts.   

Inserts were coated with collagen and fibronectin as previously described (20).  Briefly, 

rat tail collagen (BD Bioscience, Franklin Lakes, NJ) was diluted with sterile 0.02N 

acetic acid to yield a final concentration of 2 mg/ml.  Transwell inserts (Corning Costar, 

Cambridge MA) (12 mm, 0.4 µm pore size) were coated with collagen solution (106 µl) 

and allowed to air dry in a sterile hood for 12 hours.  For inserts with collagen and 

fibronectin coating, superfibronectin (Sigma, St. Louis MO) was diluted with Dulbecco’s 

Phosphate Buffered Saline (DPBS) (Mediatech) to yield a concentration of 50 µg/ml.  

After allowing collagen coated inserts to dry, superfibronectin solution (106 µl) was 

added to each Transwell and incubated in a sterile hood for 30 min.  Any remaining 

superfibronectin was aspirated and cells were plated.   

 

Transwell inserts (12 mm, 0.4 µm pore size) were coated with gelatin (Sigma) as 

previously described (131). Type I bovine skin gelatin was prepared as a 1 mg/ml 

solution and 106 µl was added to each insert.  Inserts were allowed to air dry in a sterile 

hood for 12 hours before cell plating. 

3.3.3 Transmonolayer electrical resistance.   

Resistance measurements of membranes with and without cells were measured using 

Millicell-Electrical Resistance System (Millipore, Bedford MA) with a chop-stick style 

probe (35).  Briefly, TER measurements were taken every two days before changing the 

media.  The probe was sterilized in 70% ethanol for a minimum of 15 minutes and then 

equilibrated in sterile culture media prior to each use.  Special care was taken to ensure 

proper orientation of the probe for each measurement and monitoring for drifting 

measurements in order to decrease error.  Results were normalized to membranes with 

the appropriate coating maintained in culture without cells and to the surface area of the 

insert.  

3.3.4 Phenol red transport.   

The transport of phenol red was monitored based on a protocol described previously 

(198).  Cells were plated on inserts at the desired concentration.  Following four days in 
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culture, the media in the apical chamber was replaced with DMEM+ (DMEM with 

phenol red, 2 mM glutamine, 50 units/ml penicillin/streptomycin, and 10% calf serum).  

The media in the basolateral chamber was replaced with DMEM- (Phenol red free 

DMEM, 2 mM glutamine, 50 units/ml penicillin/streptomycin, and 10% calf serum).  

Cultures were incubated at 37°C for 12 hours and 1 ml samples were taken from the 

basolateral chamber and analyzed in a spectrophotometer at 479 nm.  Apical and 

basolateral chambers were replaced with fresh DMEM+. 

3.3.5 DNA quantification.   

After completing phenol red transport studies, membranes were cut from the insert using 

a hypodermic needle and incubated in 500 µl trypsin (Mediatech) overnight.  Following 

incubation, 500 µl of 2x DNA buffer (0.1 M Na2HPO4, 4 M NaCl, 0.004 M Na2EDTA-

2H2O, pH 7.4) was added and samples were sonicated at setting 5 for 10 seconds using 

Model 60 Sonic Dismembrator (Fisher Scientific).  Samples  were combined with 1x 

DNA buffer (0.05 M Na2HPO4, 2 M NaCl, 0.002 M Na2EDTA-2H2O, pH 7.4) and 

Hoechst 33258 dye and analyzed using a DyNA Quant 200 (Hoefer, San Francisco, CA). 

3.3.6 Western immunoblot for occludin.   

Cells were grown on Transwell inserts (12mm, 0.4 µm pore) for 8 days with media 

changed every 2 days.  Cells were lysed and samples were collected.  Briefly, membranes 

were washed twice with DPBS and lysed with 100 µl Laemmli buffer (1X) (Sigma).  

Insert membranes were gently scraped with a cell scraper (Costar) and crude lysates were 

removed.  Samples were boiled for 10 min before loading into a pre-cast 10 well, 10% 

tris-glycine gel (Bio-Rad, Hercules, CA).  DNA quantification was used to standardize 

sample loading.  Gels were run for 1 hr 15 min at 100-125 V and equilibrated in transfer 

buffer (0.04 M tris base, 0.39 M glycine, 0.003 M SDS, 4% methanol) for 10 min.  

Following equilibration, gels were loaded into transfer tank and run at 50 V for 1.5 hrs to 

transfer samples to PVDF membranes.  Membranes were then placed in blocking buffer 

(0.03 M tris HCl, 0.02 M tris base, 0.15 M NaCl, 0.5% Tween, 0.5% casein) with shaking 

overnight at room temperature.  Following blocking, membranes were rinsed with TBS-T 

(0.03 M tris HCl, 0.02 M tris base, 0.15 M NaCl, 0.5% Tween) three times for 5 minutes 
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each.  Membranes were then incubated in TBS-T with rabbit anti-occludin (1:5000) 

(Zymed, San Francisco CA) for 1 hour at room temperature.  Following incubation, 

membranes were rinsed three time with TBS-T and incubated with HRP conjugated goat 

anti-rabbit (1:5000) (Zymed) for 45 min at room temperature.  Membranes were then 

rinsed four times with TBS-T and developed with Pierce Super Signal Kit (Rockford, IL) 

for one minute.  Blots were then exposed to Kodak X-OMAT radiography film (Sigma) 

and developed with Kodak chemicals.  Analysis of blots was performed using Adobe 

Photoshop and UVP Gelworks 1D system. 

3.3.7 Immunofluorescent staining and confocal imaging.    

Cells were grown on Transwell inserts (12mm, 0.4 µm pore) with media exchanged 

every 2 days.  After 8 days of culture, cells were stained for occludin as described by the 

manufacturer (Zymed).  Briefly, cells were fixed with neutral buffered formalin (3.7% 

formaldehyde, 45.8 mM Na2HPO4, 33.3 mM NaH2PO4) for 20 minutes.  Membranes 

were then washed 3 times with DPBS and cut from the insert using a hypodermic needle.  

Cells were then permeabilized with 0.5% Triton in DPBS for 2 minutes and washed 3 

times with DPBS.  Cells were then incubated in 1:100 rabbit anti-occludin (Zymed) in 

DPBS for 1 hour and washed 3 times with DPBS.  Cells were then incubated in 1:300 

Cy3 goat anti-rabbit IgG conjugate (Zymed) in DPBS for 30 minutes in a dark area.  

After washing 3 times with DPBS, membranes were blotted dry and mounted with 

Permount (Fisher) on glass slides with cover slips with a 1.5 thickness number.  Samples 

were viewed through a 40x water immersion lens on a Zeiss LSM 510 Laser Scanning 

Microscope (Zeiss, Thornwood NY) fitted with an inverted Axiovert 100 M.  Samples 

were excited using a He/Ne laser with a wavelength of 543 nm. 

3.4 Results and Discussion 

3.4.1 Effect of surface coating   

Since one of the main functions of the in vivo endothelium is to regulate transport from 

the bloodstream to underlying tissues (64, 139), it is important that an in vitro model 

system maintains those properties.  Based on previous work by Biegel et al. (20) and 

Milton et al. (131), the studies presented here focused on the use of collagen, collagen-
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fibronectin, and gelatin coated surfaces.  The TER measurements of endothelial cells 

were altered by insert surface coatings (Figure 3.1).  BAEC plated at 1 x 105 cells/cm2 on 

RTCF coated membranes exhibited the highest TER with a peak resistance of 23 ± 5 

ohms-cm2 (Figure 3.1A).  This peak value occurs after 8 days of culture and was similar 

to values found previously for HUVEC monolayers (91).  Gelatin coated membranes 

promoted the highest TER values for HMVEC-L plated at 1 x 105 cells/cm2 (Figure 3.1B) 

with a peak resistance of 22 ± 2 ohms-cm2.  However, when plated on RTC and RTCF 

coated membranes, HMVEC-L exhibited TER values even below that of uncoated 

membranes.  HAEC plated at 1 x 105 cells/cm2 on inserts coated with RTCF resulted in 

the highest average TER with a peak resistance value of 95 ± 66 ohms-cm2.  However, 

the larger error induced by HAEC cultured on RTCF precluded it from being used in 

further studies.  It is not known why such a large standard error occurred since the same 

collagen and fibronectin solutions were used in the experiments with BAEC and 

HMVEC-L and a similar problem did not exist, but the error was reproducible.  As 

shown in Figure 3.1C, there is little difference between the TER of HAEC plated on 

gelatin coated inserts and on non-coated inserts.  The HAEC also appear to require more 

time to form a barrier to transport since, even after 16 days in culture, the TER had not 

peaked. 

 

Since BAEC are easy to culture and exhibited consistent and high TER values, they were 

utilized in future investigations.  The permeability of BAEC cultured on coated inserts 

was tested by monitoring the transport of phenol red from the apical media to the 

basolateral media.  Similar to TER measurements (Figure 3.1), BAEC cultured on RTCF 

coated inserts formed the best barrier to the transport of phenol red (Table 3.1).  RTCF 

coated inserts in the absence of cells formed a fairly exclusive barrier with similar 

permeabilities as gelatin and non-coated inserts in the presence of cells.  The paracellular 

transport of bovine serum albumin conjugated Evans blue dye was also tested.  However, 

there was no significant transport of albumin across membranes coated with collagen 

RTC and RTCF) even in the absence of cells.  This may have been due to binding of 

Evans blue to collagen (75) although the concentrations used were previously shown not 
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to bind Evans blue (91).  Since BAEC cultured on RTCF coated inserts formed the best 

transport barrier, the Evans blue albumin assay was excluded from future work. 

 

A 

 

  

 

B 
C 
 

Figure 3.1: Transmonolayer electrical resistance of 
endothelial cells. 

(A) Bovine aortic endothelial cells (BAEC), (B) human 
microvascular endothelial cells (HMVEC-L), and (C) human 
aortic endothelial cells (HAEC) were initially plated at 1 x 105 
cells/cm2 on rat tail collagen (RTC) (♦), rat tail collagen and 
fibronectin (RTCF) (■), gelatin (▲), or non (○) coated inserts.  
Measurements (mean ± SEM) are representative of 2 
independent experiments and were normalized to coated 
membranes in the absence of cells and to the surface area 
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Table 3.1: Phenol red transported across bovine aortic 
endothelial cells 

Absorbance (479 nm) of phenol red transported across coated 
and non-coated inserts in the presence and absence of cells 
plated at 1x105 cells/cm2.  Measurements (mean ± S.E., n=3) 
are representative of 2 independent experiments. 

Coating 
With Cells 

(Absorbance) 

No Cells 

(Absorbance) 

Rat tail collagen 0.048 ± 0.001 0.050 ± 0.002 

Rat tail collagen and fibronectin 0.044 ± 0.000 0.056 ± 0.001 

Gelatin 0.054 ± 0.002 0.071± 0.002 

None 0.056 ± 0.002 0.073 ± 0.002 

 

3.4.2 Effect of cell number.  

 Following TER and phenol red transport measurements, BAEC plated on different 

surface coatings were analyzed for DNA content.  As shown in Table 3.2, there was less 

DNA and consequently fewer cells on the inserts coated with RTCF than with any other 

coating.  This is counterintuitive as these inserts formed the most exclusive barrier to 

transport.  In addition, the inserts with the most number of cells (gelatin coated) formed 

the least exclusive transport barrier.  Given this dependence on cell number, TER 

measurements were taken of BAEC plated at a ranged of densities (5 x 104, 1 x 105, 2 x 

105 cells/cm2) on RTCF coated inserts (Figure 3.2).  Cells that were initially plated at 5 x 

104 cells/cm2 formed the most exclusive transport barrier with a peak resistance of 37 ± 

11 ohms-cm2.  These results were verified by conducting phenol red transport studies 

with BAEC plated at different initial densities.  BAEC plated at 5 x 104 cells/cm2 

prohibited the transport of phenol red to a greater extent than monolayers plated at other 

initial cell densities (Figure 3.3).  This supports the results from DNA analysis, indicating 

that higher cell numbers do not correlate with improved transport barrier properties. 
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Table 3.2:  Fluorometric DNA analysis of BAECs cultured 
on different surface coatings 

DNA content (mean ± S.E., n=3) of BAE cells plated at 1x105 
cells/cm2 on coated inserts after 8 days of culture.  There is a 
significant different between all samples, except for between 
RTC and Gelatin (ANOVA p <0.05). 

 

Coating 
DNA Content 

(µg/insert) 

Rat tail collagen 6.99 ± 0.18 

Rat tail collagen and fibronectin 5.52 ± 0.17 

Gelatin 7.54 ± 0.18 

 

 

 

 

 

 

 

 

 

Figure 3.2:  TER of BAECs plated on RTCF coated inserts 
at different densities 

TER of BAECs plated on RTCF coated inserts at different 
densities 5x104 (●), 1x105 (■), and 2x105 (♦).  Measurements 
(mean ± S.E., n=3) were normalized to RTCF coated 
membranes in the absence of cells and to surface area and are 
representative of 2 independent experiments. 
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Figure 3.3:Phenol red transport across BAECs plated on 
RTCF coated inserts at different plating densities 

Phenol red transport across BAE monolayers plated on RTCF 
coated inserts at different densities 5x104 (●), 1x105 (■), and 
2x105 (♦) and across coated inserts in the absence of cell (∆).  
Measurements (mean ± S.E., n=3) are representative of 2 
independent experiments. 

3.4.3 Western immunoblot of occludin.   

In order to determine a possible mechanism for the counterintuitive increase in transport 

barrier formation with decreasing initial cell number, the expression of occludin, a 

primary tight junction protein, was investigated (Figure 3.4).  Cells plated at 1x105 

cells/cm2 (lanes 1- 4) expressed less occludin per cell than cells plated at 5x104 cells/cm2 

(lanes 5-8) independent of the surface coating.  Analysis of the western blot using 

densitometry (Table 3.3) confirmed that there was a significant difference in the 

expression of occludin for cells cultured on different surfaces and that the highest level 

was associated with BAEC cultured on RTCF coated inserts.  There was at least a 3 fold 

increase in occludin expression for cells plated at 5x104 cells/cm2 than at 1x105 cells/cm2 

irrespective of the coating.   
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Figure 3.4 Western immunoblot for occludin using lysates 
from BAECs grown for 8 days on different surface 

coatings  

BAECs plated at 1x105 cells/cm2 (lanes 1-4) and BAEC plated 
at 5x104 cells/cm2 (lane 5-8).  Cells were plated on either non-
coated inserts (lanes 1 and 5), gelatin coated inserts (lanes 2 
and 6), RTC coated inserts (lanes 3 and 7), or RTCF coated 
inserts (lanes 4 and 8).  Results are representative of 2 
independent experiments. 

 

 

 

Table 3.3: Densitometer analysis of western immunoblot 
for occludin 

Densitometry analysis of western blot for occludin of lysates 
of BAE cells plated at 1x105 cells/cm2 and 5x104 cells/cm2.  
Results are normalized to lysate from BAE cells plated on 
non-coated inserts at 1x105 cells/cm2.  Measurements are 
representative of 2 independent experiments. 

  None Gelatin RTC RTCF 

1 x 105 

(cells/cm2) 
100% 124% 148% 221% 

5 x 104 

(cells/cm2) 
320% 517% 646% 666% 
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3.4.4 Immunofluorescent staining and confocal imaging.   

Since the formation of the barrier properties of epithelial and endothelial cells is 

dependent on the organization of the tight junctions, not only the expression of tight 

junction proteins, the organization of occludin was investigated through confocal imaging 

of cells stained with fluorescent occludin.  As a control, a clone of Caco-2 cells 

(C2BBe1), a human epithelial cell line that is known to form organized tight junctions 

(39, 49), was tested.  As shown in Figure 3.5A, C2BBe1 exhibited the expected 

peripheral staining and cobblestone morphology.  Since the manufacturer of the antibody 

did not explicitly report reactivity with bovine cells, a bovine epithelial cell type was also 

tested since epithelial cells are known to form exclusive and organized tight junctions 

(118) than endothelial cells.  As shown in Figure 3.5B, bovine epithelial cells do exhibit 

the expected staining and morphology, indicating the antibody works with bovine cells.  

When plated at 1 x 105 cells/cm2 on RTCF coated inserts, BAEC did not exhibit any 

peripheral fluorescent staining and did not have the expected cobblestone morphology 

(Figure 3.5C).  The entire cell, with the exception of the nucleus, was fluorescently 

stained and the cells appeared to be stretched out and isolated from each other.  This is 

not indicative of good cell-cell interactions, a necessary component for the formation of 

an effective transport barrier.  Since the barrier function of BAEC was improved when 

plated at 5 x 104 cells/cm2 (Figure 3.3), cells plated at this density were also fluorescently 

stained.  As shown in Figure 3.5D, the morphology of the cells is more cobblestone and 

some peripheral staining is evident.  This indicates that the cells were in close proximity 

to each other and provides morphological evidence to support TER and phenol red 

measurements. 

 

The optimized in vitro model present here utilized BAEC cultured on collagen-

fibronectin coated membranes (Figure 3.1A).  Under these culture conditions, good 

transport barrier properties, as indicated by a peak TER of 37 ± 11 ohms-cm2, were 

evident after 8 days of culture (Figure 3.2).  This peak value is comparable to TER values 

 46 



C D 

B A 

Figure 3.5: Confocal images of cells fluorescently stained 
for occludin 

Confocal images of (A) human colon epithelial (C2BBe1) 
cells plated at 1x105 cells/cm2, (B) bovine mammary 
epithelial (MAC-T) cells plated at 5x104 cells/cm2, (C) 
BAECs plated on RTCF coated inserts at 1x105 cells/cm2, 
and (D) BAECs plated on RTCF coated inserts at 5x104 
cells/cm2. Images C and D are representative of 2 independent 
experiments.  Images are all shown at the same magnification. 

 
reported for non-neural endothelial cells, which range from 3-33 ohms-cm2 (61) and 

optimum after 8 days (131).   Others, such as Del Vecchio et al. have also reported 

decreased permeability of sheep endothelial cells when cultured on collagen or collagen-

fibronectin in comparison with endothelial cells cultured on gelatin (37).  The collagen-

fibronectin coating has also been reported to be the optimal coating for the establishment 

of in vitro models of the blood-brain barrier (61) and to enhance barrier function due to 
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increased cell adhesion (118).  It appears to also be optimal for large-vessel bovine 

vascular cells in culture.   

 

The use of phenol red to determine permeability has been widely used with epithelial, but 

not endothelial cells (198).    The similar results from the TER measurements (Figure 3.2) 

and phenol red transport measurements (Figure 3.3) conducted in this study suggest that 

phenol red is a suitable method of measuring permeability for cultured endothelial cells.  

Further, phenol red measurements were more precise and reproducible.  Both TER and 

phenol red measurements indicated that BAEC plated at 5x104 cells/cm2 on RTCF coated 

inserts formed more restrictive transport barriers.  In contrast, Kazakoff et al. (91) found 

that inulin flux across HUVEC monolayers was inversely related to plating density.  

Their studies however were done after 48h incubation rather than 8 days as in the studies 

presented here. In order to determine a possible mechanism for improved barrier 

properties, the expression level and organization of occludin was investigated.  There 

have been mixed reports concerning occludin expression in non-neural endothelial cells 

(80, 92).  Hirase et al report weak staining for occludin in porcine aortic endothelial cells 

(80) while Kevil et al report strong intercellular occludin staining in human arterial 

endothelial cells (92).  The cell model reported here exhibits higher occludin expression 

as detected by western immunoblotting, than any other culture conditions tested (Figure 

3.4).  This increased occludin expression level was accompanied by a cobblestone 

morphology and some peripheral staining (Figure 3.5D), indicating better organization.  

In conclusion, this study provides evidence for an improved in vitro endothelium based 

on surface coating, plating density, and culture time. 
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4.1 Abstract 

Delivery of growth factors via the bloodstream for the treatment of various pathological 

conditions may be regulated through interactions with growth factor receptors.  However, 

a better understanding of the kinetics of growth factor binding and transport by 

endothelial cells is required.  This report quantifies the binding, internalization, and 

transport kinetics involved in trafficking of insulin-like growth factor-I (IGF-I) across an 

in vitro monolayer of bovine aortic endothelial cells (BAEC).  Cell culture conditions 

have been optimized to minimize effects of paracellular transport.  Internalization and 

transport via IGF receptors (IGF-IR) was detected and binding analysis indicated that 

insulin-like growth factor binding proteins (IGFBPs), either on the cell surface or 

extracellular matrix, are the main vehicle for IGF-I binding in this system.  There were 

twice as many IGFBP binding sites (8.0 ± 1.9 x 104 per cell) as IGF receptors (IGF-IR) 

(3.9 ± 0.6 x 104 per cell).   Internalization of IGF-I by IGFBPs was not detected and 

IGFBP binding was shown to inhibit rather than enhance IGF-I transport.  However, 

based on computational modeling, it is proposed that IGFBPs function as a reservoir for 

IGF-I, sequestering it for later release and IGF-IR-mediated transport.  This reservoir 

function of the IGFBPs might be used to promote controlled localized delivery of IGF-I.   

4.2 Introduction 

Growth factors, such as insulin-like growth factor-I (IGF-I), are important regulators of 

cell division and tissue proliferation and, consequently, are important in embryonic 

development (4, 43), wound healing (144), as well as in the development and treatment 

of various pathological conditions (6, 42, 73, 76, 96, 98, 99, 108, 136, 137, 149, 152-154, 

179, 183).  In particular, low levels of insulin-like growth factor-I (IGF-I), a polypeptide 

member of the insulin/IGF family, have been associated with Laron syndrome (101), 

Gaucher disease (160), and diabetes (42, 96, 137, 152).   Since intravenous infusions of 

IGF-I have been utilized to treat these diseases (71, 135), an understanding of the 

mechanisms involved in the transport of IGF-I from the bloodstream to underlying tissues 

may foster the development of better treatment strategies utilizing this growth factor.  

Endothelial cells, which line the inside of blood vessels, constitute the primary barrier 
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against transport from the bloodstream and thus are important in regulating the delivery 

of circulating IGF-I to tissues.  

 

The actions of IGF-I are mediated by high affinity interactions with IGF cell surface 

receptor (IGF-IR) and with IGF binding proteins (IGFBPs).  There are six known 

IGFBPs and they have been shown to participate, to varying degrees, in IGF-inhibiting, 

IGF-enhancing, and IGF-independent actions (22, 30, 32, 44, 46, 50, 70, 127-129).  

While several IGFBPs bind to cell surfaces with high affinity, IGFBP receptors have not 

yet been identified, although it has been suggested that the type V transforming growth 

factor β receptor and membrane-bound matrix metalloprotease-9 may also function as a 

receptors for IGFBP-3 (104, 105, 132).   

 

It remains unclear how IGF-I is transported across the endothelium.  IGF-I has been 

shown to bind to endothelial cells both in vitro (94) and in vivo (10, 23). In vitro studies 

with human umbilical vein endothelial cells (HUVECs) indicated that IGF-I was 

transported across the cell layer (14).  However, this transport was not affected by 

blocking antibodies against IGF-IR or by excess IGF-I, suggesting the transport was, in 

their in vitro system, mediated by the paracellular pathway.   

 

Since IGF-I can bind to both cell surface IGF-IRs and cell or matrix associated IGFBPs, 

an experimental system has been developed that minimizes paracellular transport and 

distinguishes between IGF-IR and IGFBP mediated binding.  This allows quantification 

of the binding, internalization, and transport kinetics involved in trafficking of IGF-I 

across a monolayer of bovine aortic endothelial cells (BAEC).  This reports shows that 

IGF-I binds primarily to non-IGF-IR sites and, once bound to these sites, is not 

internalized or transported.  This suggests that surface IGFBPs may act as a reservoir for 

IGF-I within the blood vessel.  Using computational modeling based on the experimental 

system, it was determined that both increased and decreased IGF-I transport, compared to 

cells in the absence of IGFBPs, is possible depending on the IGF-I delivery pulse time.   
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4.3 Materials and Methods 

4.3.1 Materials 

Pooled bovine aortic endothelial cells (BAEC) were obtained from Clonetics 

(Walkersville, MD).  Dulbecco’s modified eagles media (DMEM) was purchased from 

Gibco (Walkserville, MD).  Dulbecco’s phosphate buffered saline (DPBS), glutamine, 

and penicillin/streptomycin were obtained from Mediatech (Herndon, VA).  Bovine calf 

serum was purchased from Hyclone (Logan, UT).  Rat tail collagen was purchased from 

BD Bioscience (Franklin Lakes, NJ), superfibronectin and insulin were purchased from 

Sigma (St. Louis, MO), and Transwell inserts (12 mm, 0.4 µm pore size) were 

purchased from Corning Costar (Cambridge, MA).  Insulin-like growth factor-I (IGF-I) 

was obtained from Peprotech (Rocky Hill, NJ), Y60L-IGF-I was obtained from Upstate 

(Lake Placid, NY) and LongR3-IGF-I was obtained from GroPep (Adelaide, Australia).  

Compounds were radiolabeled using a chloramine-T method as described previously (2).  
3H-inulin was purchased from Perkin Elmer (Boston, MA). 

4.3.2 Cell Culture 

BAEC were grown in DMEM supplemented with 10% calf serum, 2 mM glutamine and 

50 units/ml of penicillin/streptomycin. The cells tested positive for acetylated LDL 

uptake and negative for mycoplasma, bacteria, yeast, and fungi, as indicated by the 

manufacturer.  BAEC cultures were used between passages 6-15.   

4.3.3 Coating of inserts 

Tissue culture inserts were coated with collagen and fibronectin as previously described 

(20).  Briefly, rat tail collagen was diluted with sterile 0.02 N acetic acid to yield a final 

concentration of 2 mg/ml.  Transwell inserts were coated with 106 µl of 2 mg/ml 

collagen solution and allowed to air dry in a sterile hood for 12 hours.  Superfibronectin, 

a recombinant form of fibronectin with enhanced adhesive properties that mimic the in 

vivo properties of fibronectin (134), was diluted with DPBS to yield a concentration of 50 

µg/ml.  After allowing collagen coated inserts to dry, inserts were rinsed with DPBS and 

106 µl of 50 µg/ml superfibronectin was added to each Transwell.  After 30 min of  
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incubation in a sterile hood, any remaining superfibronectin was aspirated and cells were 

plated. 

4.3.4 IGF-I Transport 

Cells were plated on rat tail collagen and fibronectin (RTCF) coated Transwell inserts at 

a plating density of 5x104 cells/cm2 and were maintained in culture with media 

replenished every 2-3 days.  Prior to study, cells were washed with DPBS and switched 

to serum-free media for 12 hrs.  Cells were then washed with DPBS and binding buffer 

(0.05% gelatin, 120 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 15 mM sodium acetate, 25 

mM Hepes, 10 mM Dextrose, pH 7.4) was added to the apical and basolateral chambers.   

Treatments (IGF-I (2 µg/ml), Y60L-IGF-I (2 µg/ml), or insulin (10 µg/ml)) were added 

to apical and basolateral chambers, as indicated in figures, and cells were incubated at 

37°C for 20 minutes.  Following incubation, 125I-IGF-I, 125I-Y60L-IGF-I, or 125I-LongR3-

IGF-I  (4 ng/ml) was added to apical chambers.  Cells were then incubated at 37°C for 12 

hrs with samples taken every 3 hours from the basolateral chamber and replenished with 

binding buffer and the appropriate treatment.  After 12 hours, both apical and basolateral 

samples were collected.  Samples from all time points were subjected to degradation 

analysis by TCA/PTA precipitation, as described below, and counted in a COBRA II 

Auto-Gamma counter (Perkin Elmer Life Sciences, Downer Grove IL). 

4.3.5 Paracellular Transport 

Cells were plated and treated as described above for the IGF-I transport experiments.  

Following incubation at 37°C with treatments (IGF-I (2 µg/ml), Y60L-IGF-I (2 µg/ml), 

or insulin (10 µg/ml)), 3H-inulin (400,000 cpm/ml) was added to apical chambers.  

Samples (0.5 ml) from apical and basolateral chambers were collected after 12 hrs and 

analyzed in a Tri-Carb 2100TR Liquid Scintillation Analyzer β-counter (Perkin Elmer 

Life Sciences, Downers Grove IL). 

4.3.6 Binding Studies 

Cells were plated on RTCF coated Transwell inserts (5x104 cells/cm2) and maintained in 

culture for 7.5 days with media replenished every 2-3 days.  Cells were washed with 
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DPBS and serum-free media was added.   Following serum starvation (12 hours), cells 

were washed with DPBS and binding buffer was added to the apical chamber.  Cells were 

incubated at 4°C for 20 minutes.  Following incubation, treatments (insulin, IGF-I, or 

Y60L-IGF-I) and 125I-IGF-I (2 ng/ml) were added and cells were incubated at 4°C for 12 

hrs.  On ice, binding buffer was aspirated, cells were washed twice with ice cold DPBS, 

and lysed with 0.3 N NaOH.  Samples were collected and analyzed in a COBRA II Auto-

Gamma counter. 

4.3.7 Analysis of Binding Results 

Binding data was analyzed based on mass action kinetics (103).  Briefly, kinetic 

equations were developed to describe binding of a ligand (L), 125I-IGF-I, to a binding site 

(R) to form a ligand/binding site complex (C).  Binding competitors (Y60L-IGF-I or 

insulin) were used to block one of the possible binding sites (IGF-IR or IGFBPs) 

throughout the binding experiments.  Unlabeled IGF-I (I), a binding competitor for L that 

binds to R to form an inhibitor/binding site complex (X) was included in the analysis.    

L + R ↔ C 

I + R ↔ X 

Assuming that radiolabeling of the IGF-I did not alter binding properties, ordinary 

differential equations were derived based on these reactions and the following equation 

was derived assuming steady state had been reached and that there was no ligand 

depletion. 

( )( )LKIK
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−

+
−

=  

where Cmax is the maximum number of ligand/binding site complexes (when I = 0) and 

KD is the dissociation constant describing binding between the ligand and the binding 

site.  Binding data (C) was normalized to Cmax and plotted against I.  The above equation 

was fit to the data using MATLAB (The Mathworks, Natick MA) to determine KD. 
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4.3.8 Ligand Blot 

Ligand blot analysis was conducted as described previously (82).  Briefly, cells were 

grown on Transwell inserts for 8 days with media changed every 2 -3 days and 

conditioned media (CM) was collected on day 8.    CM samples were concentrated using 

a SpeedVac Model SC110 (Savant, Holbrook NY) and reconstituted in water.  Samples 

were then diluted with 2x loading buffer (0.125 M TRIS, 4% SDS, 20% glycerol, 1% 

bromophenol blue), loaded into a 12.5% acrylamide gel, and separated at constant 

current.  Samples were then transferred to nitrocellulose membranes and incubated 

overnight with 125I-IGF-I.  Membranes were exposed to film for 3-7 days at -70ºC.   

4.3.9 Ligand Internalization 

Cells were plated in 12 well plates at a plating density of 5x104 cells/cm2.  After 2 days, 

cells were washed with DPBS and switched to serum free media.   Following serum 

starvation (24 hrs), cells were washed with DPBS and binding buffer was added.  

Treatments (insulin or Y60L-IGF-I) were added and cells were incubated at 37°C for 20 

minutes. Following incubation 125I-IGF-I was added (4 ng/ml) at various time points, up 

to 10 minutes.  On ice, binding buffer was then aspirated and cells were washed twice 

with DPBS and incubated in acid buffer (0.2 M acetic acid, 0.5 M NaCl, pH 2.5) for 10 

min to remove any surface bound ligand.  Following incubation, acid buffer was then 

collected and cells were incubated in 0.3 N NaOH for at least 1 hr to extract any 

internalized ligand.  Samples were collected and analyzed in a COBRA II Auto-Gamma 

counter. 

4.3.10 Analysis of Internalization Results 

Internalization data was analyzed as described previously (119).  Briefly, a kinetic 

equation was developed to describe internalization of surface ligand/binding site 

complexes (CS) to form internal ligand/binding site complexes (CI) that is dependent 

strictly on the internalization rate constant (ke) and assumes no recycling or degradation 

within the timeframe of interest (103):   

SC*k
dt

dC
e

I =
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SC*k
dt

dC
e

I =

 

The integral of surface bound ligand (CS) was evaluated using the trapezoid rule and 

plotted against internalized data (CI) in Microsoft Excel to obtain ke. 

t
t

I dCkC
0 Se ∫=

4.3.11 Evaluation of Ligand Degradation 

Samples were subjected to trichloroacetic acid (TCA) and phosphotungstic acid (PTA) 

precipitation as described previously (93).  Briefly, TCA and PTA were added to samples 

to yield a final concentration of 3% and 0.3%, respectively.  Samples were then vortex 

and incubated at 4°C for 30 minutes.  Following incubation, samples were centrifuged for 

3 min at 10,000 x g.  Supernatants and pellets were collected and analyzed in a COBRA 

II Auto-Gamma counter. 

4.3.12 Statistical Analysis 

Statistical comparisons were conducted by two-tailed t-tests in Microsoft Excel with 

significance defined as p < 0.05. 

4.3.13 Computational Model 

Since it is difficult to conduct experiments that are sensitive enough to quantitatively 

investigate certain parameters involved in growth factor delivery, it is often advantageous 

to develop a mathematical model to evaluate the contributions of such parameters.  The 

model consists of a system of 45 ordinary differential equations (Appendix A), based on 

mass action kinetics, which describes IGF-I transport across the cell layer via IGF-IR and 

IGFBP-mediated and paracellular transport.  Paracellular transport was assumed to be 

dependent on diffusion and the porosity of the cell monolayer.  Cell surface binding and 

dissociation rates utilized in this model were incorporated ligand diffusion from the bulk 

as well as forward and reverse binding rates, as described previously (54).   Once 

internalized, IGF-I was sorted for degradation, recycling, or transport according to sorting 

fractions similar to those reported by French et al. for EGF (56).  Parameters were 
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measured in this paper or obtained from the literature, with the exception of the sorting 

parameters, as noted in Table 5.2.  The model was solved using MATLAB (version 6 

release 12, The Mathworks) and the stiff ordinary differential equation solver, ode15s, 

with all default options except that the backward differentiation formulas option was 

used. 

 

4.4 Results 

4.4.1 Surface binding retards 125I-IGF-I transport 

Insulin-like growth factor-I (IGF-I) is known to bind to cell surface IGF-I receptors (IGF-

IRs) and IGF binding proteins (IGFBPs) and these binding sites are important in 

regulating the delivery of IGF-I from the bloodstream to the underlying tissues.  The goal 

of this report was to determine how competition between these binding elements (IGF-IR 

and IGFBPs) impacted the efficacy of delivery of intact IGF-I.  In this in vitro system, 

transport of 125I-IGF-I from the apical to the basolateral side of bovine aortic endothelial 

cells (BAEC) was quantified (Figure 4.1,Table 4.1).  Surprisingly, this transport was  

 

Figure 4.1: Transport of IGF-I across BAECs 

125I-IGF-I transported over 12 hrs from the apical to 
basolateral side of bovine aortic endothelial cells (BAECs) in 
the absence (none) (○) or presence of binding competitors 
(IGF-I (2 µg/ml) (∅), Y60L-IGF-I (2 µg/ml) (●), or insulin 
(10 µg/ml) (⊗)) at 37°C.  BAECs were plated and cultured as 
described in Materials and Methods.  Results indicate the 
mean ± SEM (n = 3) and are representative of three 
independent experiments. 
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significantly enhanced (p < 0.05) when all binding sites (IGF-IRs and IGFBPs) were 

blocked by unlabeled IGF-I, suggesting that surface binding interactions retard 125I-IGF-I 

transport in vitro.  This phenomenon could be a result of binding to IGF-IRs and/or 

IGFBPs, so specific binding competitors were utilized to investigate the mechanisms 

involved.  Inclusion of insulin, which binds to IGF-IRs but not IGFBPs (74), did not 

significantly affect (p > 0.05) the transport of 125I-IGF-I.  In contrast, inclusion of Y60L-

IGF-I, an analog of IGF-I with significantly reduced affinity for IGF-IRs and normal 

affinity for IGFBPs (16), significantly enhanced (p < 0.05) the transport of 125I-IGF-I, 

suggesting that IGFBP binding impeded IGF-I transport. 

Table 4.1: Total IGF-I transported across BAECs over 12 
hours 

Cumulative amount of radiolabeled ligands transported across 
bovine aortic endothelial cells (BAECs) over 12 hrs at 37°C.  
BAECs were plated and cultured as described in Materials and 
Methods.  Results were normalized to percentage of control 
(None).  Results indicate the mean ± SEM (n = 3) and are 
representative of three independent experiments. 

 
 

125I-IGF-I 

 

125I-Y60L-IGF-I 

 

125I-LongR3-IGF-I 

None 100 ± 0.9 % 100 ± 2.7 % 100 ± 1.5 % 

IGF-I 115 ± 2.4 % 136 ± 2.8 % 91 ± 3.2 % 

Y60L 134 ± 3.0 % 135 ± 3.2 % 96 ± 1.5 % 

Insulin 111 ± 4.5 % 105 ± 3.5 % 85 ± 1.4 % 

 

 

To verify that these results were specific for IGF-I and that the competitors did not alter 

paracellular transport, inulin, a molecule with a similar molecular weight as IGF-I that 

does not bind cell surfaces was utilized.  Similar to the IGF-I transport experiments, 3H-

inulin was added to the apical side of confluent BAEC monolayers and the extent of 

transport was determined.  None of the competitors had a significant affect (p > 0.05) on 

transport via the paracellular pathway (Figure 4.2). 
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Figure 4.2: Transport of inulin across BAECs 
3H-inulin transported over 12 hrs from the apical to basolateral 
side of bovine aortic endothelial cells (BAECs) in the absence 
(none) (○) or presence of binding competitors (IGF-I (2 

µg/ml) (∅), Y60L-IGF-I (2 µg/ml) (●), or insulin (10 µg/ml) 
(⊗)) at 37°C.  BAECs were plated and cultured as described in 
Materials and Methods.  Results indicate the mean ± SEM (n 
= 3) and are representative of three independent experiments. 

 

Contributions of IGF-IRs and IGFBPs to the transport of 125I-IGF-I were confirmed 

through the use of radiolabeled IGF-I analogs.  Transport of 125I-Y60L-IGF-I was 

unaffected (p > 0.05) by inclusion of insulin but significantly enhanced (p < 0.05) by 

inclusion of either IGF-I or Y60L-IGF-I (Figure 4.3A), supporting the hypothesis that 

IGFBPs retarded the transport of IGF-I.  Transport of 125I-LongR3-IGF-I, an analog with 

normal affinity for IGF-IR but essentially no affinity for IGFBPs (16, 52), was 

significantly (p < 0.05) reduced when IGF-IRs, but not IGFBPs, were blocked (Figure 

4.3B).  
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Figure 4.3: Transport of Y60L-IGF-I and LongR3-IGF-I 
across BAECs 

125I-Y60L-IGF-I (A) and 125I-LongR3-IGF-I (B) transported 
over 12 hrs from the apical to basolateral side of bovine aortic 
endothelial cells (BAEC).  Studies were conducted in the 

absence (none) (○) or presence of binding competitors (IGF-I 

(2 µg/ml) (∅), Y60L-IGF-I (2 µg/ml) (●), or insulin (10 
µg/ml) (⊗)) at 37°C.  BAECs were plated and cultured as 
described in Materials and Methods.  Results indicate the 
mean ± SEM (n = 3) and are representative of three 
independent experiments. 

 

4.4.2 IGFBPs dominate cell surface binding 

Given the low response to the inclusion of insulin, it was suspected that receptors levels 

were low in this system and that IGFBPs may be the dominant binding regulators on the 

apical surface.  To evaluate this, the relative level of binding sites on the cells was 

determined (Figure 4.4).  Binding affinity between 125I-IGF-I and IGF-IR was not 

significantly different from the affinity between 125I-IGF-I and IGFBPs (2.4 ± 1.2 and 2.0 
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± 0.3 nM, respectively).  However, the apical binding of IGF-I reflected twice as many 

IGFBP binding sites (8.0 ± 1.9 x 104 per cell) as IGF-IR binding sites (3.9 ± 0.6 x 104 per 

cell).   

 

 

Figure 4.4: Binding of IGF-I to BAECs 

Binding of 125I-IGF-I to the apical surface of bovine aortic 
endothelial cells (BAECs) at 4°C in the presence of various 
concentrations of IGF-I and either Y60L-IGF-I (2 µg/ml) (■) 
or insulin (10 µg/ml) (□).  BAECs were plated and cultured as 
described in Materials and Methods.  Results indicate the 
mean ± SEM and are representative of three independent 
experiments. 

 

Ligand blot analysis confirmed previous work indicating that these cells secrete IGFBP-

2, 3, and 4 (Appendix G) (45).  Secretion was directional since no IGFBPs were detected 

in the basolateral media.  Further, binding studies conducted on the basolateral surface 

indicated significantly reduced overall binding compared to the apical surface, with 

approximately half as many IGFBPs sites (5.1 ± 0.6 x 104 per cell) and no detectable 

IGF-IRs sites.  Quantification of binding to the separate IGFBPs was not feasible, 

however the overall affinity measured agrees with individual values reported in the 

literature (74, 191, 199). 

4.4.3 IGF-IRs but not IGFBPs  internalize 125I-IGF-I 

Since the biological activity of growth factors may be altered by cellular processes, 

transported 125I-IGF-I was subjected to TCA/PTA precipitation to determine if ligand 
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degradation had occurred.  Some degradation of both 125I-IGF-I and 125I-LongR3-IGF-I 

was evident (Table 2) with the percentage degraded being reduced by inclusion of IGF-

I or insulin.  This suggests that transport via IGF-IR leads to partial degradation of the 

bound ligand.  There was no significant degradation of 125I-IGF-I transported in the 

presence of insulin or of transported 125I-Y60L-IGF-I beyond that detected when 

internalization was blocked by excess IGF-I (Table 4.2).  Further, when transport 

studies were conducted at 4ºC, there was no significant difference in degradation 

between any of the treatments (data not shown), suggesting that cellular internalization 

was required for degradation. 

Table 4.2: Degradation of IGF-I during transport 

TCA/PTA precipitation of transported radiolabeled ligands 
across bovine aortic endothelial cells (BAECs) over 12 hrs at 
37°C.  BAECs were plated and cultured as described in 
Materials and Methods.  Results were calculated as the 
percentage of transported sample that was TCA/PTA 
precipitable.  Results indicate the mean ± SEM and are 
representative of three independent experiments. 

 125I-IGF-I 125I-Y60L-IGF-I 125I-LongR3-IGF-I 

None 56 ± 6.1 % 96 ± 8.0 % 61 ± 4.9 % 

IGF-I 75 ± 5.7 % 94 ± 7.7 % 83 ± 7.1 % 

Y60L 54 ± 6.5 % 86 ± 13.4 % 63 ± 10.2 % 

Insulin 68 ± 6.9 % 88 ± 12.8 % 74 ± 9.2 % 

 

Endocytosis of 125I-IGF-I by IGF-IR was quantified by conducting internalization 

experiments in the presence of Y60L-IGF-I (Figure 4.5A) and the data was analyzed 

using Satin analysis (119).  An internalization rate constant of 0.076 ± 0.018 min-1 was 

determined.  In contrast, studies conducted in the presence of insulin, which blocks 

binding to surface IGF-IRs, exhibited no detectable internal 125I-IGF-I (Figure 4.5B), 

suggesting negligible endocytosis by IGBFPs.  
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A 

B 

Figure 4.5: Internalization of IGF-I by BAECs 

Surface (○) and internal (■) bound 125I-IGF-I in the presence 
of Y60L-IGF-I (2 µg/ml) (A) or insulin (10 µg/ml) (B).  
BAECs were plated and cultured as described in Materials and 
Methods.  Results indicate the mean ± SEM and are 
representative of three independent experiments. 

4.5 Discussion 

Delivery of growth factors across a cell monolayer, such as the endothelium, relies upon 

properties of the cells, such as availability of cell surface binding sites and paracellular 

porosity of the cell layer.  For example, Maratos-Flier et al. reported that basolateral to 

apical transport of epidermal growth factor (EGF) across Madin-Darby canine kidney 

cells was inhibited when the blocking anti-EGF receptor antibody was included (122).  

Moreover, apical to basolateral transport of EGF did not occur and was attributed to the 

fact that EGF receptors were only detectable on the basolateral surface.  Similarly, they 

reported that insulin was not transported in either direction due to a lack of expression of 
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insulin receptors on both apical and basolateral surfaces, suggesting that transcellular 

transport is dependent on the availability of surface binding sites, such as receptors.      

 

In contrast to most growth factor systems, the actions of insulin-like growth factors 

(IGFs) are mediated by specific cell surface receptors as well as surface and soluble 

growth factor binding proteins (IGFBPs).  This report shows that transport of 125I-IGF-I 

across bovine aortic endothelial cells (BAECs) in vitro occurs through both paracellular 

and transcellular pathways and transport is largely regulated by IGFBP binding (Fig 1, 

Table 1).  In contrast, Bastian et al. (14) reported that 125I-IGF-I crosses human umbilical 

vein endothelial cells (HUVECs) strictly via paracellular pathways.  This difference 

could be due to differences in IGF-IR levels on HUVECs compared to BAECs since 

levels vary among cell types (8, 55, 94).  Differences in paracellular porosity may also 

contribute, since different endothelial cell types have varying permeabilities (80, 92, 118, 

131) and the system reported here has been optimized to minimize paracellular transport 

(Chapter 3).  After 2 hrs of transport, Bastian et al. report that more than 10% of the total 
125I-IGF-I added was transported across HUVEC monolayers (14), while in the studies 

reported here, less than 1% of the total 125I-IGF-I added was transported across BAEC 

monolayers after 3 hours and approximately 3% after 12 hours.  The higher porosity in 

their studies could have masked receptor-mediated delivery since they did detect IGF-IRs 

in cross-linking studies.   

 

The binding affinity measured between 125I-IGF-I and IGF-IR is similar to that reported 

from biosensor experiments (85), as well as endothelial cell based experiments (8, 94, 

164).  Similar to the insulin receptor, IGF-IRs have been shown to participate in clathrin-

mediated internalization (111).  Once internalized, IGF-I is reported to partially 

dissociate from IGF-IRs (201), and undergo partial degradation (59).  This report has 

shown that 125I-IGF-I is internalized through an IGF-IR dependent process (Fig 5a) and 

determined that the rate of receptor-mediated internalization is 0.076 ± 0.018 min-1, 

which is similar to that reported by others (29).  Once internalized by IGF-IR, 125I-IGF-I 

and 125I-LongR3-IGF-I are partially degraded (Table 2).  The extent of this degradation 

will control the efficacy of therapeutic treatments with IGF-I.  Since it has been reported 

 64 



that the susceptibility of the ligand to acidic pH determines the sorting outcome (56, 120), 

it may be feasible to design a ligand analog with the capability to withstand acidic pH and 

thus result in efficient sorting and delivery. 

 

In the system reported here, twice as many functional IGFBP binding sites (8.0 ± 1.9 x 

104 per cell) as IGF-IR binding sites (3.9 ± 0.6 x 104 per cell) were detected.  Since 

IGFBPs have been shown to bind to various components of extracellular matrix, such as 

collagen (114) and fibronectin (123) which are utilized in this culture system, matrix-

bound IGFBPs may also function as reservoirs of 125I-IGF-I that initially prevent cell 

surface binding and transport but may lead to sustained controlled delivery.  Data 

reported here showed that these IGFBP binding sites prevent IGF-I transport, likely via 

competitive inhibition of IGF-IR binding and paracellular transport.  This work is in 

agreement with a recent paper from Grulich-Henn et al., who reported substantial binding 

of 125I-IGF-I to the extracellular matrix produced by HUVECs, which contained IGFBP-

2, and suggested IGFBP-2 prevented 125I-IGF-I from binding to cell surface IGF-IR.  

Inhibition of IGF-I transport has also been shown in other tissues.  For example, Garcia et 

al. found that IGFBPs, most likely IGBFP-6, impeded the transport of 125I-IGF-I across 

bovine articular cartilage (62).  In vivo, the clearance rate of 125I-IGF-I in wound 

chambers implanted in rats was shown to be slower than that of 125I-LongR3-IGF-I, 

presumably due to binding to IGFBPs (15).  No IGFBP-mediated internalization of IGF-I 

was detected (Fig 5b), but previous reports have shown that IGFBP-3 can cross the 

endothelial barriers (9, 12) and transport IGF-I (23), but this has only been reported in the 

rat heart or in cells with compromised barrier function (174).  However, Schedlich et al. 

showed that in Chinese hamster ovary cells, intracelluar IGFBP-3 localized around the 

nucleus and underwent importin beta dependent uptake (165), suggesting that if IGFBP-3 

was internalized, it would not contribute to the transport to of IGF-I. 

 

The data presented here indicated that IGFBPs inhibited IGF-I transport by acting as a 

surface reservoir for IGF-I.  However, it is possible that this reservoir of IGF-I could 

facilitate overall transport of IGF-I under the correct conditions.  To test this, a 

mathematical model was developed (Chapter 5) based on parameters reported here and 
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subjected the system to an apical bolus of IGF-I for 60 min and apical to basolateral 

transport was measured for an additional 11 hrs (Figure 4.6).  When IGFBPs were 

removed from the system, there was an initial increase in IGF-I transported during the 

pulse phase.  However, after unbound apical IGF-I was removed from the model system, 

there was significantly more IGF-I delivered when IGFBPs were present, supporting the 

hypothesis that IGFBPs serve as a reservoir that promote long-term delivery of IGF-I.  

Future research exploiting this reservoir function is needed, but suggests that IGFBPs 

could function as a natural sustained release mechanism. 
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Chapter 5:  Computational Modeling of Insulin-like Growth 
Factor-I (IGF-I) Transport: Regulation by IGF Binding Proteins 

5.1 Abstract 

Insulin-like growth factor-I (IGF-I) has the potential to treat a myriad of pathological 

conditions, however, treatment efficacy is overshadowed by significant side effects.  

Computational modeling enables a mechanistic evaluation of growth factor action and 

can facilitate the development of better therapeutic strategies to treat various pathological 

conditions.  A computational model of IGF-I delivery across endothelial cells has been 

developed based on previous experimental work that focused on regulation of IGF-I 

transport by IGFBPs (Chapter 4).  This report demonstrates that the model can simulate 

the experimental data and explore the important key parameters in the transport process.  

The porosity of the cell layer is shown to have the largest impact on IGF-I delivery, 

however, since the integrity of epithelial and endothelial layers is essential to their normal 

physiological function, it is not feasible to design growth factors that increase cell layer 

permeability.  Alternatively, alteration of endosome binding, and thus sorting outcome, 

could be achieved through development of IGF-I variants that are resistant to changes in 

pH and facilitate IGF-I delivery, similar EGF variants that have recently been developed.   

Finally, this reports demonstrates that IGFBPs can either inhibit or enhance IGF-I 

transport when compared to transport in the absence of IGFBPs by varying the exposure 

time.  This illustrated the importance of examining the process as a system rather than 

simply as receptor-mediated phenomena. 

5.2 Introduction 

Insulin-like growth factor-I (IGF-I) has the potential to treat a variety of disorders, such 

as severe insulin resistance (99, 153), leprechaunism (6), renal failure (98), neurological 

disorders (108), Laron Syndrome (154), and diabetes (42, 96, 137, 152).  Current 

strategies to treat these diseases involve intravenous infusions of supraphysiological 

doses of IGF-I (42, 96, 137).  Since these high doses cause unwanted side effects, such as 

hair loss, upper respiratory infections, increased production of IGF-I antibodies, and 
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increased heart rate (71, 135), an understanding of the mechanisms involved in the 

transport of IGF-I from the bloodstream to underlying tissues may foster the development 

of better treatment strategies that minimize these side effects. 

 

The actions of IGF-I are mediated by high affinity interactions with its cell surface 

receptor (IGF-IR) and IGF binding proteins (IGFBPs).  There are six known IGFBPs and 

they have been shown to participate, to varying degrees, in IGF-inhibiting, IGF-

enhancing, and IGF-independent actions (22, 30, 32, 44, 46, 50, 70, 127-129).  While 

several IGFBPs bind to cell surfaces with high affinity, IGFBP receptors have not yet 

been identified, although it has been suggested that the type V transforming growth factor 

β receptor and membrane-bound matrix metalloprotease-9 may also function as a 

receptors for IGFBP-3 (104, 105, 132).  In addition, IGFBPs can bind to various 

components of extracellular matrix, such as collagen and fibronectin.  When localized in 

extracellular matrix, IGFBPs appear to inhibit binding of IGF-I to its receptor (62, 70).  

In Chapter 4, studies showed that binding of IGF-I to IGFBPs initially prevented delivery 

of IGF-I but facilitated long term localized delivery across bovine aortic endothelial cells. 

 

Computational modeling is an important tool for exploring the mechanisms by which 

growth factor act, as reviewed recently by Wiley et al (196).  Significant contributions 

have been made in the past decade that aid in an understanding of the mechanisms 

involved in sorting of and signaling through the EGF receptor and its family of ligands, 

which may facilitate the development of therapeutic strategies involving the EGF family 

to treat various pathological conditions.  For example, models have been developed that 

describe sorting of EGF and several EGF analogs (56, 79, 176) and the dependence of 

acidic binding on sorting outcome (56).  Shvartsman et al. have developed a model of 

EGF signaling and more recently, Resat et al. have developed a model that incorporated 

sorting as well as signaling events (157).     

 

Until now, modeling of intracellular sorting and transport has focused mainly on 

epithelial, not endothelial, cells.  Since many drugs are delivery systemically, it may 

prove beneficial to develop a model of drug transport across endothelial cells.  Further, 
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few models of IGF-I action have been reported.  Boroujerdi et al. developed a 

compartmental model of in vivo IGF-I metabolism (24), however the mechanisms 

involved in IGF-I delivery were not investigated.  This paper investigates the kinetics of 

IGF-I sorting and transport across a model endothelium and addresses the relative 

importance of system parameters and the impact of IGFBPs on receptor-mediated 

transport.  

 

5.3 Mathematical Model 

The model describes insulin-like growth factor binding protein (IGFBP) regulation of 

IGF-I transport across an endothelial barrier and is based on experimental work 

examining apical to basolateral transport of IGF-I in vitro (Chapter 4).  The model 

assumes uniform distribution of IGF-I receptors (IGF-IRs) and IGFBPs on the cell 

surface, however it does allow for heterogeneous apical and basolateral distributions of 

proteins.  This research group (45) and others have shown that endothelial cells secrete 

multiple IGFBPs.  Ligand blot analysis conducted using conditioned media from cells 

utilized in these studies showed the presence of IGFBP-2, 3, and 4 (Figure 2.5A); 

suggesting that IGFBP binding sites are a heterogeneous mixture.   However, for 

simplicity, the IGFBPs in the system have been modeled as a single binding element and 

have based the properties on experimentally derived average dissociation constant 

(Chapter 4) and the kinetic association rate of IGFBP-3 (28), the binding protein of most 

interest on endothelial cells.   

 

The model consists of a system of 45 ordinary differential equations, based on mass 

action kinetics, which describes IGF-I transport across the cell layer via IGF-IR and 

IGFBP-mediated and paracellular transport (Figure 5.1).  A schematic of important 

kinetic reactions governing IGF-I transport is shown (Figure 5.2).  Apical solution IGF-I 

(La) binds apical IGF-IRs (Ra), IGFBPs (Ba), or may be transported paracellularly (kpara), 

where it can bind with basolateral IGF-IRs (Rb) and IGFBPs (Bb).  The rate of change of 

IGF-I/IGF-IR complexes on the apical surface (Ca) is  
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Figure 5.1: Schematic of IGF-I transport 

 

which reflects binding (kf1RaLa) and dissociation (kr1Ca), including advantageous 

rebinding of IGF-I released from local IGFBPs (koff2XaP(Ra)), where P(Ra) is the 

probability of IGF-I capture by IGF-IRs, as described previously (54).  Also included are 

the internalization of surface complexes (keC), and recycling (krec) and transport (ktrans) of 

complexes from apical and basolateral endosomes (Cia and Cib, respectively).  Endosome 

contents are sorted into either degradation or non-degradation (recycling or transport) 

pathways.  The sorting parameter f1 represents the fraction of each component, such as 

f1C for IGF-I/IGF-IR complexes, which is directed towards degradation pathways.  

Components directed towards non-degradation pathways, (1-f1C) for IGF-I/IGF-IR 
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complexes, are again sorted for either recycling (1-f2C) or transport pathways (f2C), where 

f2 represents the fraction of each non-degraded component that enters the transport 

pathway.  It is assumed, based on previous reports investigating transferrin and IgG 

(166), that apical and basolateral sorting endosomes remain separate but maintain 

identical binding and sorting kinetics.   

 

Figure 5.2: Kinetic reactions of IGF-I transport 

The forward and reverse rates (Table 5.1) for cell-surface interactions are a function of 

ligand diffusion from the bulk to the cell surface, as well as the binding affinity between 

the ligand and its binding site (54).    Due to the small volume of the endosomes, it is 

assumed that binding is not diffusion-limited so that forward and reverse rates are 

constants.  Change in the presence of apical IGF-I/IGFBP complexes (Xa) is described by 

)f)(f1(k)f1)(f1(k

k)(Pkkk
d

d

2X1Xtrans2X1Xrec

exoff1r2f2

−+−−+

−+−=

ibia

aaaaaa
a

XX

XBCXLB
t

X
 (2) 

and is dependent upon binding (kf2BaLa) and dissociation (kr2Xa), including advantageous 

rebinding of IGF-I released from local IGF-IRs (koff1CaP(Ba)), where P(Ba) is the 
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probability of IGF-I capture by IGFBPs.  Formation of complexes also depends on 

internalization of surface complexes (keX) and recycling and transport of complexes from 

apical (Xia) and basolateral endosomes (Xib).   

Table 5.1 Binding and dissociation rates 

Binding and dissociation rates at for IGF-I, insulin, and Y60L-
IGF-I to IGF-IRs and IGFBPs. 
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In the endosomes, the pH of the solution decreases and the binding affinities between 

IGF-I (Lia) and its binding sites (Ria and Bia) are altered.  In vitro experiments show that 

at reduced pH, the binding affinity between IGF-I and IGF-IR is reduced (201), 

suggesting that in the acidic environment of the endosome, IGF-I will dissociate from 

IGF-IRs.  The rate of change of IGF-I/IGF-IR complexes (Cia) in the apical endosomes is  
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where (Ria) is the number of free IGF-IRs in the apical endosome, and binding and 

dissociation rates (kf5 and kr5) represent the altered binding in the acidic environment.  

Complexes are sorted for degradation (kdeg), recycling, or transport according to the 

sorting parameters f1C and f2C. 

 

The time dependent change in IGF-I/IGFBP complexes in the apical endosome is  
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where (Bia) is the number of free IGFBPs in the apical endosome and binding and 

dissociation rates (kfr6 and kr6) represent the altered binding in the acidic environment.  

Complexes are sorted for degradation, recycling, or transport according to the sorting 

parameters f1X and f2X. 

 

Transport of IGF-I from apical solution (La) to basolateral solution (Lb) depends on IGF-I 

binding to IGF-IRs and IGFBPs, internalization and sorting of these components, as well 

as paracellular transport of IGF-I.  The time-dependent change in unbound IGF-I (Lia) in 

the apical endosome is given by  
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and IGF-I is sorted for degradation, recycling and transport according to the sorting 

parameters f1L and f2L.  Paracellular transport (kpara) was assumed to be dependent on 
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diffusive transport and the porosity of the membrane (ε).  The porosity was determined 

based on experimental results that investigated the transport of 125I-IGF-I in the presence 

of excess IGF-I, which blocked binding sites, leaving only the paracellular pathway 

available for transport (Chapter 4). Delivery of non-degraded IGF-I from apical (La) to 

basolateral (Lb) solution is represented by 
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which in addition to the apical kinetics described above, includes binding (kf9RbLb and 

kf10BbLb) of basolateral IGF-I (Lb) to free basolateral surface IGF-IR (Rb) and IGFBPs 

(Bb), respectively, and dissociation of IGF-I/IGF-IR (kr9Cb) and IGF-I/IGFBP (kr10Xb) 

complexes.   It is assumed that degradation products are released basolaterally since little 

degradation was detected in the apical solution (data not shown ).  The rate of change in 

degradation products is 
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The model also considers the use of competitive binding inhibitors and their effect on 

overall transport.  Apical competitors for IGF-IRs (I1a), such as insulin or longR3-IGF-I, 

are assumed to be processed similar to IGF-I.  The rate of change in apical IGF-IR 

competitors is 
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and includes binding (kf3RaI1a), dissociation (kr3Za), and paracellular transport of apical 

(I1a) and basolateral (I1b) competitors, which are sorted for degradation, recycling and 

transport according to the sorting parameters f1I1 and f2I1.  Similarly, competitors are 

IGFBPs (I2a and I2b), such as Y60L-IGF-I, are assumed to be processed similar to IGF-I 

and IGF-I/IGFBP complexes.  The time dependent change in apical IGFBP competitors 

is given by 
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and includes binding (kf4BaI2a), dissociation (kr4Ya), and paracellular transport of apical 

(I2a) and basolateral (I2b) competitors, which are sorted for degradation, recycling and 

transport according to the sorting parameters f1I2 and f2I2. 

5.4 Model Parameters 

The cell surface binding and dissociation rates (Table 5.1) utilized in this model are 

dependent on ligand diffusion from the bulk as well as forward and reverse binding rates 

(Table 5.2), as described previously (54).  The binding affinities (KD) of IGF-I for IGF-

IRs and IGFBPs at pH 7.4 were previously measured in an experimental system (Chapter 

4), where KD = koff / kon.  Values for binding constants describing IGF-I binding to IGF-

IR (kon1 and kon9) (85) and IGFBP-3 (kon2 and kon10) (28) at pH 7.4 have been reported 

using surface plasmon resonance.  The experimental KD values measured in Chapter 4 

and literature values for binding constants were used to determine the dissociation 

constants (koff1, koff9, koff2, koff10).  At pH 5.8, it has previously been shown that 72% of 

IGF-I that bound cell surface IGFBPs at pH 7.4 also bound at pH 5.8 (53).  Taken 

together with binding constants reported for IGF-I and IGFBP-3 at pH 5.8 (kon6 and kon14) 

(28), the model reported here was used to fit a value for acidic dissociation (koff6 and 

koff14).  Since Bevan et al. report that the dissociation, but not association, constant of 

insulin is predominantly altered at acidic pH (19) and, given the homology between 

insulin, IGF-I, and their receptors, it is assumed that the association constant for IGF-I 

and IGF-IR is the same at pH 7.4 and pH 5.8.  Zapf et al. reported that approximately  

 75 



Table 5.2 Model parameters 

Parameter Value Significance 
kon1, kon9 2.8 x 107 M-1 min-1 Association of IGF-I and IGF-IR, pH 7.4 
koff1, koff9 0.068 min-1 Dissociation of IGF-I and IGF-IR, pH 7.4 
kon2, kon10 2.2 x 107 M-1 min-1 Association of IGF-I and IGFBP, pH 7.4 
koff2, koff10 0.053 min-1 Dissociation of IGF-I and IGFBP, pH 7.4 
kon3, kon11 2.8 x 107 M-1 min-1 Association of insulin and IGF-IR, pH 7.4 
koff3, koff11 6.8 min-1 Dissociation of insulin and IGF-IR, pH 7.4 
kon4, kon12 2.2 x 107 M-1 min-1 Association of Y60L and IGFBP, pH 7.4 
koff4, koff12 0.053 min-1 Dissociation of Y60L and IGFBP, pH 5.8 
kon5, kon13 2.8 x 107 M-1 min-1 Association of IGF-I and IGF-IR, pH 5.8 
koff5, koff13 0.20 min-1 Dissociation of IGF-I and IGF-IR, pH 5.8 
kon6, kon14 4.0 x 107 M-1 min-1 Association of IGF-I and IGFBP, pH 5.8 
koff6, koff14 0.13 min-1 Dissociation of IGF-I and IGFBP, pH 5.8 
kon7, kon15 2.8 x 107 M-1 min-1 Association of insulin and IGF-IR, pH 5.8 
koff7, koff15 20 min-1 Dissociation of insulin and IGF-IR, pH 5.8 
kon8, kon16 4.0 x 107 M-1 min-1 Association of Y60L and IGFBP, pH 5.8 
koff8, koff16 0.13 min-1 Dissociation of Y60L and IGFBP, pH 5.8 

   
keR 0.007 min-1 Internalization rate for free IGF-IR 
keB 0 min-1 Internalization rate for free IGFBPs 
keC 0.076 min-1 Internalization rate for IGF-I / IGF-IR complexes 
keX 0  min-1 Internalization rate for IGF-I / IGFBP complexes 
keZ 0.076 min-1 Internalization rate for insulin / IGF-IR complexes 
keY 0  min-1 Internalization rate for IGF-I / IGFBP complexes 

   
ktrans 0.11 min-1 Transport rate constant 
krec 0.11 min-1 Recycling rate constant 
kdeg 0.02 min-1 Degradation rate constant 

   
f1R, f2R 0.25, 0.25 Fraction of free IGF-IRs degraded or transported, 

respectively 
f1B, f2B 0.25, 0.25 Fraction of free IGFBPs degraded or transported, 

respectively 
f1L, f2L 0.75, 0.25 Fraction of free IGF-I degraded or transported, 

respectively 
f1C, f2C 0.25, 0.75 Fraction of IGF-I / IGF-IR complexes degraded or 

transported, respectively 
f1X, f2X 0.25, 0.25 Fraction of IGF-I / IGFBP complexes degraded or 

transported, respectively 
f1I1, f2I1 0.75, 0.25 Fraction of free insulin degraded or transported, 

respectively 
f1Z, f2Z 0.25, 0.75 Fraction of insulin / IGF-IR complexes degraded or 

transported, respectively 
f1I2, f2I2 0.75, 0.25 Fraction of free Y60L degraded or transported, 

respectively 
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Table 2 Continued 

f1Y, f2Y 0.25, 0.25 Fraction of Y60L / IGFBP complexes degraded or 
transported, respectively 

   
s 5.0 x 10-4 cm cell-1 Cell radius 
D 2.1 x 10-6 cm2 sec-1 Diffusivity 

Vola 0.0005 L Apical solution volume 
Volb 0.0015 L Basolateral solution volume 
Vole 1.0 x 10-13 L cell-1 Endosome volume 

   
P(Ra) -3.73 + 0.743 log (Ra) Advantageous rebinding to free apical IGF-IRs 
P(Rb) -3.73 + 0.743 log (Rb) Advantageous rebinding to free basolateral IGF-IRs  
P(Ba) -3.73 + 0.743 log (Ba) Advantageous rebinding to free apical IGFBPs 
P(Bb) -3.73 + 0.743 log (Bb) Advantageous rebinding to free basolateral IGFBPs 

   
VR keRRa-krecRia(1-f1R)(1-f2R)   

-ktransRib(1-f1R)(f2R) Synthesis of IGF-IRs 

VB keBBa-krecBia(1-f1B)(1-f2B)   
-ktransBib(1-f1B)(f2B) Synthesis of IGFBPs 

   
kpara ε4πsDNav Paracellular transport rate 

 

38% of IGF-I that bound cell surface IGF-IRs at pH 7.4 also bound at pH 5.8 (201).  

Similar to determining the acidic dissociation constant, for IGF-I and IGFBP-3, the 

model reported here was used to fit a value for acidic dissociation for IGF-I and IGF-IR 

(koff5 and koff13). 

 

Since Bayne et al. report that Y60L-IGF-I has similar binding affinity for human serum 

binding proteins (hBP) as IGF-I (16), binding (kon4, kon8, kon12, and kon16) and (koff4, koff8, 

koff12, and koff16) dissociation constants were assumed to be similar to those used for IGF-

I.  Jansson et al. report a dissociation constant for insulin and IGF-IR (koff3 and koff11) that 

is approximately 100 fold higher than that for IGF-I and IGF-IR (85).  Taken together 

with reports that there is a 100 fold increase in binding affinities (KD) for insulin and 

IGF-IR as there is with IGF-I and IGF-IR (85), it assumed that insulin and IGF-I have 

similar association constants (kon3 and kon11) for IGF-IR.  Due to the homology between 

insulin and IGF-I, it is also assumed that they are equally effected by pH so that 

association (kon7 and kon15) between insulin and IGF-IR is the same at pH 7.4 and pH 5.8.  

Further, the ratio of dissociation constants for IGF-I and IGF-IR at pH 5.8 and pH 7.4, 
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which is approximately 3, will remain similar for insulin, and acidic dissociation 

constants are determined (koff7 and koff15). 

 

The internalization rate of IGF-I/IGF-IR complexes was measured in Chapter 4 and a 

similar internalization rate of insulin/IGF-IR complexes is assumed.  Since previous 

experimental work (Chapter 4) suggested that IGFBPs are not internalized, the 

internalization rates of IGFBPs, IGF-I/IGFBP complexes, Y60L/IGFBP complexes were 

initially set to zero.  A constitutive internalization rate of 0.007 min-1, similar to that 

reported by Hemar et al. (77), was assumed for free IGF-IRs. 

 

The sorting parameters (krec, ktrans, and kdeg) were defined based on previous experimental 

work.  Ghosh et al. report a recycling rate (krec)of approximately 0.11 min-1 for transferrin 

and, for the model, a similar rate for transport (ktrans) is assumed.  French et al. report 

degradation constants for EGF and several of its analogs (56).  Based on these results, an 

average degradation constant of 0.02 min-1 was used in the model.  Since it has been 

reported that membrane bound transferrin and IgA are sorted to recycling endosomes 

while fluid marker such as LDL and HRP are sorted to lysosomes (65, 107, 166), it is 

assumed that receptors and ligand/receptor complexes are destined for recycling or 

transport, while dissociated ligands are destined for degradation.  French et al. report 

recycling fractions ((1-f1) in this model) for various EGF receptor bound ligands that 

range from approximately 0.5 to 0.8.  The model assumes degradation sorting fractions of 

0.25 for receptors and complexes and 0.75 for free ligand.   

5.5 Solution of Model 

The system of 45 ordinary differential equations (Appendix A) were solved using 

MATLAB (version 6 release 12, The Mathworks) and the stiff ordinary differential 

equation solver, ode15s, with all default options except that the backward differentiation 

formulas option was used (Appendix B).   
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5.6 Results and Discussion 

The primary goal of this research was to determine how the transport mechanisms, such 

as binding, internalization, and sorting, impacted overall delivery of IGF-I.  To assess 

this, a mathematical model was developed based on previous experimental data (Chapter 

4) to determine the contributions of the parameters to overall delivery.    Results from this 

model showed similar trends as the experimental data (Figure 3), suggesting the model is 

an adequate in silica representation of in vitro endothelium. 

 

 

 

A

 

 
B
 

Figure 5.3: In vitro and in silica transport of IGF-I  

IGF-I transported in the absence (none) (○) or presence of 
binding competitors (IGF-I (2 µg/ml) (∅), Y60L-IGF-I (2 

µg/ml) (●), or insulin (10 µg/ml) (⊗)) over 12 hrs from the 
apical to basolateral side of (A) bovine aortic endothelial cells 
(BAECs) or (B) model endothelium.     
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It has previously been shown that there was significant transport of IGF-I through the 

paracellular pathway of bovine aortic endothelial cells cultured on rat tail collagen and 

fibronectin coated inserts (Chapter 4).  Since this kinetic parameter was fit to the data 

and not measure directly, this research sought to evaluate the effects of cell layer 

porosity on the transport of IGF-I.  The maximum delivery of IGF-I was reached when 

the porosity varied between 0.6 and 1.0 and an impermeable cell layer (0.0 porosity) 

still allowed transport of IGF-I, through IGF-IR mediated processes, that was 11% of 

maximum (Figure 4).  The porosity used in this model, 0.25, allowed delivery of IGF-I 

that was 93% of the maximum.  Since paracellular transport is dependent on molecular 

size, it is reasonable that there would be a porosity at which there is no longer a barrier 

to free diffusion, 0.6 for the case of IGF-I. 

 

Figure 5.4: Affect of porosity on IGF-I transport 

IGF-I transported from the apical to basolateral side of a 
model endothelium with varying porosity 

 

Since there was no detectable internalization of IGFBPs in the experimental system, 

such as that reported by for different cell types (53), the model was used to varying the 

internalization rates of free IGFBPs and IGF-I /  IGFBP complexes between the base 

case, where there was no internalization (keB,keX = 0), to rates similar to that measured 

for IGF-I / IGF-IR internalization (0.76 min -1).  There was a decrease, in the amount of 

IGF-I transported when free IGFBPs were allowed to internalize and an increase when 

IGF-I / IGBFP complexes were allowed to internalize (Figure 5.5).  Since the sorting 
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parameters used in the base case of the model assumed preferential recycling of 

IGFBPs, either free or in complex, IGFBPs internalized from the apical surface are 

mostly returned to the apical surface.  However, once returned to the apical surface, 

IGF-I may then be released and transported paracellular.  The decrease detected when 

free IGFBPs were allowed to internalize was due to sequestration of IGF-I away from 

IGF-IRs in the endosomes, resulting in apical recycling rather than basolateral transport 

of IGF-I. 

A 

B 

IGF
mo
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Delivery of therap

relies on cell-medi

 

 

Figure 5.5:  Effect of IGFBP internalization on IGF-I 
transport 

-I transported from the apical to basolateral side of a 
del endothelium with varying internalization rates for (A) 
e IGFBPs and (B) IGF-I/IGFBP complexes 

eutics, such as growth factors, is an active transport process that 

ated uptake, sorting, and delivery.  The sorting of growth factors, 
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such as EGF, depends on their ability to bind their receptors in the acidic environment 

of the endosomes.  The receptor for EGF can also bind with high affinity to similar 

molecules, such as transforming growth factor-α (TGF-α) .  At normal physiological 

pH, mouse EGF (mEGF), human EGF (hEGF), and TGF-α have very similar binding 

kinetics (56).  However, at acidic pH, such as that found in endosomes, the ratio of 

binding affinities of TGF-α at pH 6 and pH 7.4 is 9 times that of mEGF.  These 

differences in binding lead to a difference in sorting kinetics for each EGF receptor 

ligand (56, 120).  Similarly, Bevan et al. report that analogues of insulin with enhanced  
A 

 B 

 

Figure 5.6: Affect of dissociation from IGF-IR on IGF-I 
transport 

IGF-I transported from the apical to basolateral side of a 
model endothelium with varying dissociation rates for IGF-I 
and IGF-IR at (A) pH 7.4 and (B) pH 5.8 
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receptor binding at acidic pH undergo less degradation (39% and 25%) in vivo than 

insulin (55%) (17).  They also report that insulin undergoes maximum degradation at 

pH 6, the conditions found in endosomes.  The binding affinities of IGF-I for IGF-IR 

and IGFBPs at acidic pH have not been reported, however, Zapf et al. reported that at 

pH 7.4, binding of IGF-I to Rat-1 fibroblasts and HIRc B cells, presumably to IGF-IRs, 

was approximately 80% of maximal binding and at pH 6.0, binding was nearly 30% of 

maximum (201).  In addition, Forsten et al. reported that binding of IGF-I to IGFBPs at 

pH 5.8 was 72% of that at pH 7.4 (53) 

 

To determine the effect of binding affinities on overall delivery of IGF-I, the 

dissociation constants (koff) for IGF-I to each binding site at pH 7.4 and pH 5.8 were 

varied.  Counter to what might be expected, increased dissociation of IGF-I from IGF-

IRs at pH 7.4 resulted in increased transport of IGF-I through the paracellular pathway 

(Figure 5.6A).  In contrast, increased dissociation at pH 5.8 resulted in decreased 

delivery of IGF-I due to increased degradation of free IGF-I (Figure 5.6B).  Similarly, 

increased dissociation of IGF-I from IGFBPs at pH 7.4 resulted in enhanced delivery of 

IGF-I (Figure 5.7A), due to increased IGF-I available for IGF-IR mediated and 

paracellular transport.  However, changes in the dissociation of IGF-I from IGFBPs at 

pH 5.8 did not substantially alter delivery of IGF-I (Figure 5.7B) since there were no 

IGFBPs present in the endosomes. 

 

Computational models have been utilized to expand the knowledge base of the 

mechanisms by which growth factor act, as recently reviewed by Wiley et al (196).  

Significant contributions have been made in the past decade that aid in an 

understanding of the mechanisms involved in sorting and signaling of the EGF receptor 

and its family of ligands, which may facilitate the development of therapeutic strategies 

involving the EGF family to treat various pathological conditions.  Models have been 

developed that describe sorting of EGF and several EGF analogs (56, 79, 176) and the 

dependence of acidic binding on sorting outcome (56).    Starbuck and Lauffenburger 

reported that increased dissociation of EGF from EGF receptors resulted in decreased 

cell proliferation, supporting results that indicated that increased dissociation prevents 
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interaction with binding sites and promotes paracellular transport (Figure 5.6 and 

Figure 5.7) 
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igure 5.7: Affect of dissociation from IGFBPs on IGF-I 
transport 

-I transported from the apical to basolateral side of a 
del endothelium with varying dissociation rates for IGF-I 
 IGFBPs at (A) pH 7.4 and (B) pH 5.8 

igure 5.8) and transport (Figure 5.9) sorting fractions for IGFBPs, 

plexes, and IGF-I / IGF-IR complexes were varied to determine 

to IGF-I delivery.  Since there were no IGFBPs present in the 

 the sorting fractions for IGFBPs and IGF-I / IGFBP complexes did 

 of IGF-I (Figure 5.8A and Figure 5.9A).  However, increasing the 

 fraction for IGF-I / IGF-IR complexes decreased IGF-I delivery 
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(Figure 5.8B) while increasing the transport sorting fraction for these complexes 

promoted delivery (Figure 5.9B).  Since the degradation rate constant is an order of 

magnitude smaller than the transport and recycling rates, as the delivery of IGF-I 

becomes more dependent on the degradation rate, there is a decrease in total IGF-I 

transported and an intracellular accumulation of IGF-I / IGF-IR complexes. 
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ure 5.8: Affect of degradation sorting fractions on IGF-
I transport 

-I transported from the apical to basolateral side of a 
del endothelium with varying degradation sorting fractions 
 (A) IGFBPs and IGF-I/IGFBP complexes and (B) IGF-
F-IR complexes 
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gure 5.9: Affect of transport sorting fractions on IGF-I 
transport 

-I transported from the apical to basolateral side of a 
del endothelium with varying transport sorting fractions for 
 IGFBPs and IGF-I/IGFBP complexes and (B) IGF-I/IGF-
complexes 
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ure 5.10: Combined affects of IGFBP internalization 
and sorting fractions on IGF-I transport 

I transported from the apical to basolateral side of a 
el endothelium with varying degradation (A) and transport 
 sorting fractions for IGFBPs and IGF-I / IGFBPs when 
nalization is allowed at levels similar to IGF-IRs 

 

ct of sorting fraction when IGFBPs are internalized, such as that 

pes, the internalization rate of free IGFBPs was defined similar to 

F-I / IGFBP complexes were allowed to internalize at a similar rate 

  Similar to IGF-I / IGF-IR complexes (Figure 5.8B), when the 

fraction for IGF-I / IGFBP complexes increased, there was an 

ease in IGF-I transported followed by a dramatic decrease as 

s dependent on the recycling rate constant and more dependent on 
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the slower degradation rate (Figure 5.10A).  In addition, when as the transport sorting 

fraction increased, the amount of IGF-I transport also increased. 

 

 Computational models may also be utilized to identify key parameters to target when 

developing engineered growth factors for the treatment of diseases.  The parameter in 

this model that impacted IGF-I delivery the most was the porosity of the cell layer 

(Figure 5.4).  However, since the integrity of epithelial and endothelial layers is 

essential to their function, it is not feasible to design growth factors that increase cell 

layer permeability.  Alternatively, the sorting factions (Figure 5.8, Figure 5.9) and 

internalization rates (Figure 5.10) are reasonable targets for the design of engineered 

growth factors.  Since the sorting fractions are dictated by binding affinities in the 

acidic environment of the endosomes, it may be beneficial to design and analogs of 

IGF-I that are more resistant to changes in pH.  Lauffenburger et al. have developed 

EGF variants whose binding affinities for EGF receptors are less sensitive to changes in 

pH (102).  These variants were sorted preferentially into recycling rather than 

degradation pathways and exhibit increased mitogenic potency in comparison with wild 

type EGF, suggesting a similar approach may be feasible for IGF-I. 

 

Chapter 4 showed data that indicated that IGFBPs inhibited IGF-I transport by acting as 

a surface reservoir for IGF-I.  However, it is possible that this reservoir of IGF-I could 

facilitate overall transport of IGF-I under the correct conditions.  To test this, the model 

system was subjected to an apical bolus of IGF-I for 60 min and apical to basolateral 

transport was measured for an additional 11 hrs (Figure 4.6).  When IGFBPs were 

removed from the system, there was an initial increase in IGF-I transported during the 

pulse phase.  However, after unbound apical IGF-I was removed from the model 

system, there was significantly more IGF-I delivered when IGFBPs were present, 

supporting the hypothesis that IGFBPs serve as a reservoir that promote long-term 

delivery of IGF-I.  This research sought to determine the affect of pulse duration of this 

promoting characteristic of IGFBPs to further characterize the reservoir function of the 

IGFBPs.  To achieve this, simulations were run using various pulse durations and the 

transport of IGF-I in the presence and absence of IGFBPs was recorded.  Pulse 
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durations of less than 6 hrs resulted in enhanced delivery of IGF-I in the presence of 

IGFBPs, above that for delivery in the absence of IGFBPs (Figure 5.11).  This suggests 

cell or matrix associated IGFBPs will enhance IGF-I delivery when physiological 

fluctuations in serum IGF-I levels are less than 6 hrs in duration. 

 

Figure 5.11: Affect of pulse duration of the function of 
IGFBPs as an IGF-I reservoir 

IGF-I transported from the apical to basolateral side of a 
model endothelium in the presence of surface IGFBPs after a 
pulse of IGF-I with varying duration.  Pulse period was 
followed by chase period such that the total observation time 
was 12 hours.  Results are normalized to transport of IGF-I in 
the absence of IGFBPs 
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Chapter 6:  Conclusions and Future Work 

Growth factors, such as insulin-like growth factor-I (IGF-I), are important regulators of 

cell division and tissue proliferation and, consequently, play a vital role in embryonic 

development (4, 43), wound healing (144), as well as in the development and treatment 

of various pathological conditions (6, 42, 73, 76, 96, 98, 99, 108, 136, 137, 149, 152-

154, 179, 183).  The role of IGF-I in these pathological conditions varies.  For instance, 

many tumors over express IGF-I or other family members, such as IGF-II and IGF-IR, 

(73, 76, 136, 149, 179, 183) and high serum levels of IGF-I have been associated with 

an increased risk of developing cancer (60, 170).  On the other hand, IGF-I has the 

potential to treat a variety of disorders, such as severe insulin resistance (99, 153), 

leprechaunism (6), renal failure (98), neurological disorders (108), Laron Syndrome 

(154), and diabetes (42, 96, 137, 152).  The main objectives of this research was to 

demonstrate that 1) autocrine production of IGF-I, such as that found in tumor cells, 

alters epithelial cell layer permeability which could facilitate metastasis and 2) transport 

of IGF-I across endothelial cells is regulated by IGFBPs. 

 

To meet the first objective, parental and IGF-I secreting bovine mammary epithelial 

cells were tested for cell layer permeability, tight and adherens junction proteins, IGF-

IR, and one of its downstream signaling components (Akt).  Parental cells (MAC-T) 

formed nearly exclusive barriers to the transport of phenol barriers while both IGF-I 

secreting cells (TK-IGF-I and SV40-IGF-I) formed poor barriers (Figure 2.2).  In 

comparison with parental cells, IGF-I secreting cells had high levels of IGF-IRs, but 

low levels of the junction components E-cadherin, β-catenin (Figure 2.7), and occludin 

(Appendix E).  The differences in parental and IGF-I secreting cells was not due to 

extracellular stimuli since inclusion of IGF-I (Figure 2.4), IGFBP-3 (Figure 2.5), or 

coculture (Table 2.1) with SV40-IGF-I cells did not alter the barrier properties of 

parental cells.  Further work needs to be conducted to determine the intracellular 

mechanisms involved in disruption of the junction components in IGF-I secreting cells.  

Western immunoblots should be conducted to identify key signaling components 

mediating signaling from the IGF-IR and junction proteins as well as the levels of E-
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cadherin and β-catenin following continuous incubation of IGF-I.  In addition, 

identification of the subcellular distribution of IGF-IRs and β-catenin should be 

conducted, perhaps through confocal imaging or cell fractionation. 

 

The second objective focused on exogenous rather than endogenous IGF-I and the role 

of IGFBPs and IGF-IRs in ligand transcytosis.  Since Bastian et al. report 

predominantly paracellular transport of IGF-I in both epithelial (13) and endothelial 

(14) cells, culture conditions were optimized to develop an in vitro model endothelial 

system that minimized paracellular transport and was more representative of in vivo 

endothelium.  Of the three types of endothelial cells tested, bovine aortic endothelial 

cells (BAECs) formed the best and more consistent transport barriers (Figure 3.1).  In 

addition, various surface coating and initial plating densities were tested and BAECs 

initially plated at 5 x 104 cells/cm2 on rat tail collagen and fibronectin (RTCF) inserts 

and cultured for 8 days form the best transport barriers (Figure 3.2).  Western 

immunoblots (Figure 3.4) indicated that BAECs cultured under these conditions 

expressed more occludin, a key regulator of paracellular transport, than BAECs 

cultured on other surfaces or at other initial plating densities.  Future work should be 

conducted to investigate different surface coatings such as laminin and various cell 

types, particularly HUVECs. 

 

Once paracellular transport was optimized in this in vitro model endothelium, 

experiments were conducted to determine the mechanisms involved in transport of IGF-

I.  Transport studies showed that, although there was still significant paracellular 

transport, IGFBPs inhibited and IGF-IRs promoted transport of IGF-I (Figure 4.1).  

Binding studies determined that IGF-I has similar binding affinity for both binding sites 

(IGFBPs and IGF-IRs) but there were twice as many IGFBP binding sites as IGF-IR 

sites (Figure 4.4).  Although IGFBPs bind more IGF-I, the complexes formed are not 

internalized (Figure 4.5B).  In contrast, IGF-I / IGF-IR complexes are internalized with 

a rate constant of 0.076 min-1.  Further work needs to be conducted to determine the 

location of IGFBP binding sites, matrix vs. cell surface, and the distribution of IGFBP 

species between these locations.  A computational model was developed to identify key 
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parameters to target when developing engineered growth factors for the treatment of 

diseases.  The most influential parameter was the porosity of the cell layer (Figure 5.4).  

However, since the integrity of epithelial and endothelial layers is essential to their 

function, it is not feasible to design growth factors that increase cell layer permeability.  

Alternatively, the sorting factions (Figure 5.8 and Figure 5.9) and internalization rates 

(Figure 5.10) are reasonable targets for the design of engineered growth factors.  Since 

the sorting fractions are dictated by binding affinities in the acidic environment of the 

endosomes, it may be beneficial to design and analog of IGF-I that is more resistant to 

changes in pH. 

 

To obtain a more rigorous computational model of this transport process, further 

experiments need to be conducted to determine the binding and dissociation constants 

for all ligand and binding sites at pH 7.4 and pH 5.8.  The model can also be updated to 

include the affects of IGFBPs in solution and the individual contributions of each 

IGFBP species.  In addition, sorting fractions for all components need to be measured 

directly and the model may be modified to include early and late endosome and 

lysosomes.  It may also prove beneficial to conduct similar studies with HUVECs to 

determine the mechanisms causing differences in IGF-I transport compared to the 

BAEC system or with colon epithelial cells, such as Caco-2, as a model for oral 

delivery of IGF-I.  Further considerations could involve the use of a bioreactor, such as 

the Cellmax® capillary system, that could incorporate pulsatile shear flow as well as co-

culture with smooth muscle cells, to better model the in vivo vascular environment. 
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Appendix A: Equations for  Mathematical Model 

The following is the complete set of equations for the model.  The corresponding 

dedimensionlized equations are shown in gray.  Baseline parameter values and their 

meaning can be found in Table 5.2. 
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Appendix B: MATLAB code 

B.1 Main program 

 

clear 

global kon mu omega Rto Bto kplus rho f1 f2 phi xi  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

I1a=0 

I2a=0 

I1b=0; 

I2b=0; 

kon(1)=4.7e5*60;         % pH 7.4  < M-1 min-1>     

koff(1)=0.001128*60;    % pH 7.4 < min-1 > 

kon(2)=3.67e5*60;       % pH 7.4 < M-1 min-1> 

koff(2)=0.052848;        % pH 7.4 < min-1 >  

kon(9)=kon(1);            % pH 7.4 

koff(9)=koff(1);          % pH 7.4 

kon(10)=kon(2);           % pH 7.4 

koff(10)=koff(2);        % pH 7.4 

 

kon(5)=kon(1);            % pH 5.8 < M-1 min-1>  

koff(5)=3*koff(1);       % pH 5.8 

 

kon(6)=6.67e5*60;        % pH 5.8 < M-1 min-1>     

koff(6)=koff(2)*2.5;         % pH 5.8 

 

%UNCOMMENT THE FOLLOWING 4 LINES TO INCLUDE COMPETING COLD 

IGF-I 

%I1a=2.7e-7; %               < M > 

%I2a=2.7e-7; %               < M > 
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%I1b=2.7e-7; %               < M > 

%I2b=2.7e-7; %               < M > 

  

kon(3)=kon(1);           % pH 7.4 < M-1 min-1>     

koff(3)=koff(1);        % pH 7.4 

kon(11)=kon(3);          % pH 7.4 

koff(11)=koff(3);        % pH 7.4 

kon(4)=kon(2);           % pH 7.4 < M-1 min-1>     

koff(4)=koff(2);         % pH 7.4 

kon(12)=kon(4);          % pH 7.4 

koff(12)=koff(4);        % pH 7.4 

 

kon(7)=kon(5);           % pH 5.8 < M-1 min-1>  

koff(7)=koff(5);         % pH 5.8 

kon(8)=kon(6);           % pH 5.8 < M-1 min-1>     

koff(8)=koff(6);         % pH 5.8 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

%UNCOMMENT THIS SECTION TO INCLUDE COMPETING COLD INSULIN 

%I1a=1.7e-6;   % < M > 

%I1b=1.7e-6;   % < M > 

 

%kon(3)=kon(1);          % pH 7.4 < M-1 min-1>     

%koff(3)=100*koff(1);    % pH 7.4 

%kon(11)=kon(3);         % pH 7.4 

%koff(11)=koff(3);       % pH 7.4 

 

%kon(7)=kon(3);          % pH 5.8 

%koff(7)=3*koff(3);      % pH 5.8 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

%UNCOMMENT THIS SECTION TO INCLUDE COMPETING COLD Y60L 

 

%I2a=2.7e-7;    %< M > 

%I2b=2.7e-7;    %< M > 

 

%kon(4)=kon(2);       % pH 7.4 < M-1 min-1>     

%koff(4)=koff(2);     % pH 7.4 

%kon(12)=kon(4);      % pH 7.4 

%koff(12)=koff(4);    % pH 7.4 

 

%kon(8)=kon(6);       % pH 5.8 

%koff(8)=koff(6);     % pH 5.8 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

porosity=.25; 

radius=5E-4;   %<cm cell-1 >    

diff=2.1E-6;   % < cm2 s-1 >      

sD=radius*diff*60/1000; % < L min-1 >  radius*diff  

N=6.02e23;   % < # cell-1 >     avogadro's number 

cell=351356;   % < # >             from DNA counts 

Vole=10e-14;   % < L cell-1 >  

Vole=Vole*cell;  % < L >            endosome volume 

Vola=0.5e-3;   % < L >            apical volume 

Volb=1.5e-3;   % < L >            baso volume 

 

% APICAL SURFACE   

% initial conditions 
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Ra=35000;   % < # cell-1 >    from equilibrium binding experiment      

%Ra=1e-100;   % Uncomment to simulate no apical receptors 

Ba=80000;   % < # cell-1 >    from equilibrium binding experiment 

%Ba=1e-100    % Uncomment to simulate no apical IGFBPS 

La=0.53e-9;   % < M > 

%La=0    % Uncomment to simulate steady state (no ligand) 

 

%BASO SURFACE   

% initial conditions 

Rb=1e-10;   %< # cell-1 >    from equilibrium binding experiment      

Bb=51000;   % < # cell-1 >    from equilibrium binding experiment 

%Bb=1e-100   % Uncomment to simulate no baso IGFBPS 

%Lb=0.53e-9;   % Uncomment to simulate baso addition of IGF-I 

Lb=0; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

Rto=Ra+Rb; 

Bto=Ba+Bb; 

kplus=4*pi*sD*N; 

ke=0.007; 

omega=Rto/Bto; 

xi(1)=Vola/Volb; 

xi(2)=Vole/Volb; 

phi=N*Volb*ke/(cell*kplus); 

 

%mu  

mu(1)=koff(1)/ke; 

mu(2)=koff(2)/ke; 

mu(3)=koff(3)/ke; 

mu(4)=koff(4)/ke; 

mu(5)=koff(5)/ke; 
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mu(6)=koff(6)/ke; 

mu(7)=koff(7)/ke; 

mu(8)=koff(8)/ke; 

mu(9)=koff(9)/ke; 

mu(10)=koff(10)/ke; 

mu(11)=koff(11)/ke; 

mu(12)=koff(12)/ke; 

 

%rho=(ker;keb;kec;kex;kez;key;ktrans;kpara;krec;kdeg)    

%           1   2     3     4     5    6       7        8       9       10 

rho(1)=0.007/ke;  % < min-1 >        

rho(2)=0.0000000000001/ke; % < min-1 >  

rho(3)=0.076/ke;  % < min-1 >       measured by internalization experiments  

rho(4)=0.0000000000001/ke; % < min-1 >        

rho(5)=0.076/ke;  % < min-1 >        

rho(6)=0.0000000000001/ke; % < min-1 >        

rho(7)=.11/ke;   % < min-1 >        

rho(8)=porosity*kplus/(N*Volb*ke/(cell*phi));                                               

rho(9)=.11/ke;   % < min-1 >        

rho(10)=0.035;  % < min-1 > 

 

% Uncomment this section to look just at surface events (4C) 

%rho(1)=0; 

%rho(2)=0; 

%rho(3)=0; 

%rho(4)=0; 

%rho(5)=0; 

%rho(6)=0; 

%rho(7)=0; 

%rho(8)=0 

%rho(9)=0; 
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%rho(10)=0; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

% f1: fraction of internalized entities entering degradation pathway 

% f1=[R;B;L;C;X;I1;Z;I2;Y] 

%        1 2  3  4  5  6  7  8   9 

f1(1)=.25;  

f1(2)=.25; 

f1(3)=0.75; 

f1(4)=0.25; 

f1(5)=0.25; 

f1(6)=0.75; 

f1(7)=0.25; 

f1(8)=0.75; 

f1(9)=0.25 

 

% f2: fraction of non degraded entities entering transport (not recycling) pathway 

% f2=[R;B;L;C;X;I1;Z;I2;Y] 

%        1  2 3  4  5  6  7  8  9 

f2(1)=.25; 

f2(2)=.25; 

f2(3)=.25; 

f2(4)=.75; 

f2(5)=.25; 

f2(6)=.25; 

f2(7)=.75; 

f2(8)=.25; 

f2(9)=.25 

 

%    y=(alpha1 alpha2 alpha3 alpha4 beta1 beta2 beta3 beta4    

%             1         2          3          4         5        6       7       8          
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%             Ra      Ba       Rb       Bb       Ca     Xa    Cb    Xb 

% 

%      gamma1 gamma2 gamma3 gamma4 delta1 delta2 delta3 delta4 

%         9             10           11            12        13       14       15     16 

%         Za           Ya          Zb            Yb       Ria      Bia     Rib    Bib  

% 

%      epsilon1 epsilon2 epsilon3 epsilon4 zeta1 zeta2 zeta3 zeta4 

%         17            18           19         20         21     22    23      24 

%         Cia          Xia         Cib        Xib       Zia   Yia   Zib   Yib 

% 

%      eta1 eta2 eta3 eta4 theta1 theta2 theta3 theta4 sigma1 sigma2 sigma3 sigma4 

%       25   26   27    28     29       30       31       32        33        34         35        36 

%       La   Lia  Lb   Lib   I1a      Ii1a     I1b     Ii1b       I2a      Ii2a       I2b      Ii2b 

 

parameters=[porosity; radius; diff; cell; Vole; Vola; Volb; kplus; ke; kon(1); kon(2); 

kon(3); kon(4); kon(5); kon(6); kon(7); kon(8); kon(9); kon(10); kon(11); kon(12); 

koff(1); koff(2); koff(3); koff(4); koff(5); koff(6); koff(7); koff(8); koff(9); koff(10); 

koff(11); koff(12); rho(1); rho(2); rho(3); rho(4); rho(5); rho(6); rho(7); rho(8); rho(9); 

rho(10); f1(1); f1(2); f1(3); f1(4); f1(5); f1(6); f1(7); f1(8); f1(9); f2(1); f2(2); f2(3); 

f2(4); f2(5); f2(6); f2(7); f2(8); f2(9); I1a; I1b; I2a; I2b; Ra; Ba; La; Rb; Bb; Lb] 

  

Rao=Ra/Rto; 

Rbo=Rb/Rto; 

Bao=Ba/Bto; 

Bbo=Bb/Bto; 

Lao=La*kplus/(Rto*ke); 

Lbo=Lb*kplus/(Rto*ke); 

I1ao=I1a*kplus/(Rto*ke); 

I1bo=I1b*kplus/(Rto*ke); 

I2ao=I2a*kplus/(Bto*ke); 

I2bo=I2b*kplus/(Bto*ke); 
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y0=[Rao,Bao,Rbo,Bbo, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,Lao, 0,Lbo, 

0,I1ao, 0,I1bo, 0 ,I2ao, 0,I2bo, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0] 

 

time=720;    %min 

tau=time*ke; 

options=odeset('BDF','on') 

[t,y]=ode15s('Dimensionless',[0 tau], y0,options); 

 

 

normaltime=t/ke 

normal(:,1)=y(:,1)*Rto; 

normal(:,2)=y(:,2)*Bto; 

normal(:,3)=y(:,3)*Rto; 

normal(:,4)=y(:,4)*Bto; 

normal(:,5)=y(:,5)*Rto; 

normal(:,6)=y(:,6)*Bto; 

normal(:,7)=y(:,7)*Rto; 

normal(:,8)=y(:,8)*Bto; 

normal(:,9)=y(:,9)*Rto; 

normal(:,10)=y(:,10)*Bto; 

normal(:,11)=y(:,11)*Rto; 

normal(:,12)=y(:,12)*Bto; 

normal(:,13)=y(:,13)*Rto; 

normal(:,14)=y(:,14)*Bto; 

normal(:,15)=y(:,15)*Rto; 

normal(:,16)=y(:,16)*Bto; 

normal(:,17)=y(:,17)*Rto; 

normal(:,18)=y(:,18)*Bto; 

normal(:,19)=y(:,19)*Rto; 

normal(:,20)=y(:,20)*Bto; 
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normal(:,21)=y(:,21)*Rto; 

normal(:,22)=y(:,22)*Bto; 

normal(:,23)=y(:,23)*Rto; 

normal(:,24)=y(:,24)*Bto; 

normal(:,25)=y(:,25)*Rto*ke/kplus; 

normal(:,26)=y(:,26)*Rto*ke/kplus; 

normal(:,27)=y(:,27)*Rto*ke/kplus; 

normal(:,28)=y(:,28)*Rto*ke/kplus; 

normal(:,29)=y(:,29)*Rto*ke/kplus; 

normal(:,30)=y(:,30)*Rto*ke/kplus; 

normal(:,31)=y(:,31)*Rto*ke/kplus; 

normal(:,32)=y(:,32)*Rto*ke/kplus; 

normal(:,33)=y(:,33)*Bto*ke/kplus; 

normal(:,34)=y(:,34)*Bto*ke/kplus; 

normal(:,35)=y(:,35)*Bto*ke/kplus; 

normal(:,36)=y(:,36)*Bto*ke/kplus; 

normal(:,37)=y(:,37)*Rto; 

normal(:,38)=y(:,38)*Bto; 

normal(:,39)=y(:,39)*Rto*ke/kplus; 

normal(:,40)=y(:,40)*Rto; 

normal(:,41)=y(:,41)*Bto; 

normal(:,42)=y(:,42)*Rto*ke/kplus; 

normal(:,43)=y(:,43)*Rto; 

normal(:,44)=y(:,44)*Bto*ke/kplus; 

normal(:,45)=y(:,45)*Bto; 

 

totalmatrix=[normaltime normal]; 

 

save <insert the name of your file> totalmatrix /ascii; 

save <insert the name of your file>_parameters parameters /ascii; 
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% UNCOMMENT THE FOLLOWING TO RUN A PULSE CHASE EXPERIMENT 

% THE PORTION ABOVE IS THE PULSE PORTION 

% THE PORTION BELOW IS THE CHASE PORTION 

%size(y); 

%y1=size(y) 

%y0=y(y1(1),:) 

%y0(25)=0% 

 

%time=<insert the chase duration>; %min 

%tau=time*ke; 

%options=odeset('BDF','on') 

%[t,y]=ode15s('Dimensionless',[0 tau], y0,options); 

 

 

%normaltime2=t/ke 

%normal2(:,1)=y(:,1)*Rto; 

%normal2(:,2)=y(:,2)*Bto; 

%normal2(:,3)=y(:,3)*Rto; 

%normal2(:,4)=y(:,4)*Bto; 

%normal2(:,5)=y(:,5)*Rto; 

%normal2(:,6)=y(:,6)*Bto; 

%normal2(:,7)=y(:,7)*Rto; 

%normal2(:,8)=y(:,8)*Bto; 

%normal2(:,9)=y(:,9)*Rto; 

%normal2(:,10)=y(:,10)*Bto; 

%normal2(:,11)=y(:,11)*Rto; 

%normal2(:,12)=y(:,12)*Bto; 

%normal2(:,13)=y(:,13)*Rto; 

%normal2(:,14)=y(:,14)*Bto; 

%normal2(:,15)=y(:,15)*Rto; 

%normal2(:,16)=y(:,16)*Bto; 
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%normal2(:,17)=y(:,17)*Rto; 

%normal2(:,18)=y(:,18)*Bto; 

%normal2(:,19)=y(:,19)*Rto; 

%normal2(:,20)=y(:,20)*Bto; 

%normal2(:,21)=y(:,21)*Rto; 

%normal2(:,22)=y(:,22)*Bto; 

%normal2(:,23)=y(:,23)*Rto; 

%normal2(:,24)=y(:,24)*Bto; 

%normal2(:,25)=y(:,25)*Rto*ke/kplus; 

%normal2(:,26)=y(:,26)*Rto*ke/kplus; 

%normal2(:,27)=y(:,27)*Rto*ke/kplus; 

%normal2(:,28)=y(:,28)*Rto*ke/kplus; 

%normal2(:,29)=y(:,29)*Rto*ke/kplus; 

%normal2(:,30)=y(:,30)*Rto*ke/kplus; 

%normal2(:,31)=y(:,31)*Rto*ke/kplus; 

%normal2(:,32)=y(:,32)*Rto*ke/kplus; 

%normal2(:,33)=y(:,33)*Bto*ke/kplus; 

%normal2(:,34)=y(:,34)*Bto*ke/kplus; 

%normal2(:,35)=y(:,35)*Bto*ke/kplus; 

%normal2(:,36)=y(:,36)*Bto*ke/kplus; 

%normal2(:,37)=y(:,37)*Rto; 

%normal2(:,38)=y(:,38)*Bto; 

%normal2(:,39)=y(:,39)*Rto*ke/kplus; 

%normal2(:,40)=y(:,40)*Rto; 

%normal2(:,41)=y(:,41)*Bto; 

%normal2(:,42)=y(:,42)*Rto*ke/kplus; 

%normal2(:,43)=y(:,43)*Rto; 

%normal2(:,44)=y(:,44)*Bto*ke/kplus; 

%normal2(:,45)=y(:,45)*Bto; 

%totalmatrix2=[normaltime2 normal2]; 

%save <insert file name here>_chase totalmatrix2 /ascii; 
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B.2 Differential Equations 

function yp=Dimensionless(t,y) 

global kon mu omega Rto Bto kplus rho f1 f2 phi xi  

 

fra =-3.73+0.743*log10(y(1)*Rto); 

if fra <= 0; 

    fra=0; 

elseif fra > 1; 

    fra = 1; 

else 

    fra =-3.73+0.743*log10(y(1)*Rto); 

end 

 

fba =-3.73+0.743*log10(y(2)*Bto); 

if fba <= 0; 

    fba=0; 

elseif fba > 1; 

    fba = 1; 

else 

    fba =-3.73+0.743*log10(y(2)*Bto); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 

frb =-3.73+0.743*log10(y(3)*Rto); 

if frb <= 0; 

    frb=0; 

elseif frb > 1; 

    frb = 1; 
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else 

    frb =-3.73+0.743*log10(y(3)*Rto); 

end 

 

fbb =-3.73+0.743*log10(y(4)*Bto); 

if fbb <= 0; 

    fbb=0; 

elseif fbb > 1; 

    fbb = 1; 

else 

    fbb =-3.73+0.743*log10(y(4)*Bto ); 

end 

 

% lambda 

lambda(1)=kon(1)*y(1)*Rto/kplus;   % kon1*Ra/4 pi sD 

lambda(2)=kon(2)*y(2)*Bto/kplus;   % kon2*Ba/4 pi sD 

lambda(3)=kon(3)*y(1)*Rto/kplus;   % kon3*Ra/4 pi sD 

lambda(4)=kon(4)*y(2)*Bto/kplus;   % kon4*Ba/4 pi sD 

lambda(5)=kon(5)*y(13)*Rto/kplus;  % kon5*Ria/4 pi sD 

lambda(6)=kon(6)*y(14)*Bto/kplus;  % kon6*Bia/4 pi sD 

lambda(7)=kon(7)*y(13)*Rto/kplus;  % kon7*Ria/4 pi sD 

lambda(8)=kon(8)*y(14)*Bto/kplus;  % kon8*Bia/4 pi sD 

lambda(9)=kon(9)*y(3)*Rto/kplus;   % kon9*Rb/4 pi sD 

lambda(10)=kon(10)*y(4)*Bto/kplus; % kon10*Bb/4 pi sD 

lambda(11)=kon(11)*y(3)*Rto/kplus; % kon11*Rb/4 pi sD 

lambda(12)=kon(12)*y(4)*Bto/kplus; % kon12*Bb/4 pi sD 

lambda(13)=kon(5)*y(15)*Rto/kplus; % kon5*Rib/4 pi sD 

lambda(14)=kon(6)*y(16)*Bto/kplus; % kon6*Bib/4 pi sD 

lambda(15)=kon(7)*y(15)*Rto/kplus; % kon7*Rib/4 pi sD 

lambda(16)=kon(8)*y(16)*Bto/kplus; % kon8*Bib/4 pi sD 
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upsilon(1)=rho(1)*y(1)-(rho(9)*y(13)*(1-f1(1))*(1-f2(1)))-(rho(7)*y(15)*(1-

f1(1))*f2(1)); 

upsilon(2)=rho(2)*y(2)-(rho(9)*y(14)*(1-f1(2))*(1-f2(2)))-(rho(7)*y(16)*(1-

f1(2))*f2(2)); 

upsilon(3)=(rho(1)*y(3))-(rho(9)*y(15)*(1-f1(1))*(1-f2(1)))-(rho(7)*y(13)*(1-

f1(1))*f2(1)); 

upsilon(4)=(rho(2)*y(4))-(rho(9)*y(16)*(1-f1(2))*(1-f2(2)))-(rho(7)*y(14)*(1-

f1(2))*f2(2)); 

 

%Ra 

yp(1)=-(lambda(1)*y(25)/(1+lambda(1)+lambda(2)))... 

    +(mu(1)*y(5)*(1+lambda(2))/(1+lambda(1)+lambda(2)))... 

    -(lambda(3)*y(29)/(1+lambda(3)))... 

    +(mu(3)*y(9)/(1+lambda(3)))... 

    -(mu(2)*y(6)*fra/omega)... 

    +(upsilon(1))... 

    -(rho(1)*y(1))... 

    +(rho(9)*y(13)*(1-f1(1))*(1-f2(1)))... 

    +(rho(7)*y(15)*(1-f1(1))*f2(1)); 

 

%Ba 

yp(2)=-(lambda(2)*y(25)*omega/(1+lambda(2)+lambda(1)))... 

    +(mu(2)*y(6)*(1+lambda(1))/(1+lambda(1)+lambda(2)))... 

    -(lambda(4)*y(33)/(1+lambda(4)))... 

    +(mu(4)*y(10)/(1+lambda(4)))... 

    -(mu(1)*y(5)*omega*fba)... 

    +(upsilon(2))... 

    -(rho(2)*y(2))... 

    +(rho(9)*y(14)*(1-f1(2))*(1-f2(2)))... 

    +(rho(7)*y(16)*(1-f1(2))*f2(2)); 
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%Rb 

yp(3)=-(lambda(9)*y(27)/(1+lambda(9)+lambda(10)))... 

    +(mu(9)*y(7)*(1+lambda(10))/(1+lambda(10)+lambda(9)))... 

    -(lambda(11)*y(31)/(1+lambda(11)))... 

    +(mu(11)*y(11)/(1+lambda(11)))... 

    -(mu(10)*y(8)*frb/omega)... 

    +(upsilon(3))... 

    -(rho(1)*y(3))... 

    +(rho(9)*y(15)*(1-f1(1))*(1-f2(1)))... 

    +(rho(7)*y(13)*(1-f1(1))*f2(1)); 

 

%Bb 

yp(4)=-(lambda(10)*y(27)*omega/(1+lambda(10)+lambda(9)))... 

    +(mu(10)*y(8)*(1+lambda(9))/(1+lambda(9)+lambda(10)))... 

    -(lambda(12)*y(35)/(1+lambda(12)))... 

    +(mu(12)*y(12)/(1+lambda(12)))... 

    -(mu(9)*y(7)*omega*fbb)... 

    +(upsilon(4))... 

    -(rho(2)*y(4))... 

    +(rho(9)*y(16)*(1-f1(2))*(1-f2(2)))... 

    +(rho(7)*y(14)*(1-f1(2))*f2(2)); 

 

%Ca 

yp(5)=(lambda(1)*y(25)/(1+lambda(1)+lambda(2)))... 

    -(mu(1)*y(5)*(1+lambda(2))/(1+lambda(1)+lambda(2)))... 

    +(mu(2)*y(6)*fra/omega)... 

    -(rho(3)*y(5))... 

    +(rho(9)*y(17)*(1-f1(4))*(1-f2(4)))... 

    +(rho(7)*y(19)*(1-f1(4))*f2(4)); 

 

%Xa 
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yp(6)=(lambda(2)*y(25)*omega/(1+lambda(2)+lambda(1)))... 

    -(mu(2)*y(6)*(1+lambda(1))/(1+lambda(1)+lambda(2)))... 

    +(mu(1)*y(5)*omega*fba)... 

    -(rho(4)*y(6))... 

    +(rho(9)*y(18)*(1-f1(5))*(1-f2(5)))... 

    +(rho(7)*y(20)*(1-f1(5))*f2(5)); 

 

%Cb 

yp(7)=(lambda(9)*y(27)/(1+lambda(9)+lambda(10)))... 

    -(mu(9)*y(7)*(1+lambda(10))/(1+lambda(10)+lambda(9)))... 

    +(mu(10)*y(8)*frb/omega)... 

    -(rho(3)*y(7))... 

    +(rho(9)*y(19)*(1-f1(4))*(1-f2(4)))... 

    +(rho(7)*y(17)*(1-f1(4))*f2(4)); 

 

%Xb 

yp(8)=(lambda(10)*y(27)*omega/(1+lambda(10)+lambda(9)))... 

    -(mu(10)*y(8)*(1+lambda(9))/(1+lambda(10)+lambda(9)))... 

    +(mu(9)*y(7)*omega*fbb)... 

    -(rho(4)*y(8))... 

    +(rho(9)*y(20)*(1-f1(5))*(1-f2(5)))... 

    +(rho(7)*y(18)*(1-f1(5))*f2(5)); 

 

%Za 

yp(9)=(lambda(3)*y(29)/(1+lambda(3)))... 

    -(mu(3)*y(9)/(1+lambda(3)))...     

    -(rho(5)*y(9))... 

    +(rho(9)*y(21)*(1-f1(7))*(1-f2(7)))... 

    +(rho(7)*y(23)*(1-f1(7))*f2(7)); 

 

%Ya 
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yp(10)=(lambda(4)*y(33)/(1+lambda(4)))... 

    -(mu(4)*y(10)/(1+lambda(4)))... 

    -(rho(6)*y(10))... 

    +(rho(9)*y(22)*(1-f1(9))*(1-f2(9)))... 

    +(rho(7)*y(24)*(1-f1(9)*f2(9))); 

 

%Zb 

yp(11)=(lambda(11)*y(31)/(1+lambda(11)))... 

    -(mu(11)*y(11)/(1+lambda(11)))... 

    -(rho(5)*y(11))... 

    +(rho(9)*y(23)*(1-f1(7))*(1-f2(7)))... 

    +(rho(7)*y(21)*(1-f1(7))*f2(7)); 

 

%Yb 

yp(12)=(lambda(12)*y(35)/(1+lambda(12)))... 

    -(mu(12)*y(12)/(1+lambda(12)))... 

    -(rho(6)*y(12))... 

    +(rho(9)*y(24)*(1-f1(9))*(1-f2(9)))... 

    +(rho(7)*y(22)*(1-f1(9)*f2(9))); 

 

%Ria 

yp(13)=-(lambda(5)*y(26))... 

    +(mu(5)*y(17))... 

    -(lambda(7)*y(30))... 

    +(mu(7)*y(21))... 

    +(rho(1)*y(1))... 

    -(rho(10)*y(13)*f1(1))... 

    -(rho(9)*y(13)*(1-f1(1))*(1-f2(1)))... 

    -(rho(7)*y(13)*(1-f1(1))*f2(1)); 

 

%Bia 
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yp(14)=-(lambda(6)*y(26)*omega)... 

    +(mu(6)*y(18))... 

    -(lambda(8)*y(34))... 

    +(mu(8)*y(22))... 

    +(rho(2)*y(2))... 

    -(rho(10)*y(14)*f1(2))... 

    -(rho(9)*y(14)*(1-f1(2))*(1-f2(2)))... 

    -(rho(7)*y(14)*(1-f1(2))*f2(2)); 

 

%Rib 

yp(15)=-(lambda(13)*y(28))... 

    +(mu(5)*y(19))... 

    -(lambda(15)*y(32))... 

    +(mu(7)*y(23))... 

    +(rho(1)*y(3))... 

    -(rho(10)*y(15)*f1(1))... 

    -(rho(9)*y(15)*(1-f1(1))*(1-f2(1)))... 

    -(rho(7)*y(15)*(1-f1(1))*f1(1)); 

 

%Bib 

yp(16)=-(lambda(14)*y(28)*omega)... 

    +(mu(6)*y(20))... 

    -(lambda(16)*y(36))... 

    +(mu(8)*y(24))... 

    +(rho(2)*y(4))... 

    -(rho(10)*y(16)*f1(2))... 

    -(rho(9)*y(16)*(1-f1(2))*(1-f2(2)))... 

    -(rho(7)*y(16)*(1-f1(2))*f2(2)); 

 

%Cia 

yp(17)=(lambda(5)*y(26))... 
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    -(mu(5)*y(17))... 

    +(rho(3)*y(5))... 

    -(rho(10)*y(17)*f1(4))... 

    -(rho(9)*y(17)*(1-f1(4))*(1-f2(4)))... 

    -(rho(7)*y(17)*(1-f1(4))*f2(4)); 

 

%Xia 

yp(18)=(lambda(6)*y(26)*omega)... 

    -(mu(6)*y(18))... 

    +(rho(4)*y(6))... 

    -(rho(10)*y(18)*f1(5))... 

    -(rho(9)*y(18)*(1-f1(5))*(1-f2(5)))... 

    -(rho(7)*y(18)*(1-f1(5))*f2(5)); 

 

%Cib 

yp(19)=(lambda(13)*y(28))... 

    -(mu(5)*y(19))... 

    +(rho(3)*y(7))... 

    -(rho(10)*y(19)*f1(4))... 

    -(rho(9)*y(19)*(1-f1(4))*(1-f2(4)))... 

    -(rho(7)*y(19)*(1-f1(4))*f2(4)); 

 

%Xib 

yp(20)=(lambda(14)*y(28)*omega)... 

    -(mu(6)*y(20))... 

    +(rho(4)*y(8))... 

    -(rho(10)*y(20)*f1(5))... 

    -(rho(9)*y(20)*(1-f1(5))*(1-f2(5)))... 

    -(rho(7)*y(20)*(1-f1(5))*f2(5)); 

 

%Zia 
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yp(21)=(lambda(7)*y(30))... 

    -(mu(7)*y(21))... 

    +(rho(5)*y(9))... 

    -(rho(10)*y(21)*f1(7))... 

    -(rho(9)*y(21)*(1-f1(7))*(1-f2(7)))... 

    -(rho(7)*y(21)*(1-f1(7))*f2(7)); 

 

%Yia 

yp(22)=(lambda(8)*y(34))... 

    -(mu(8)*y(22))... 

    +(rho(6)*y(10))... 

    -(rho(10)*y(22)*f1(9))... 

    -(rho(9)*y(22)*(1-f1(9))*(1-f2(9)))... 

    -(rho(7)*y(22)*(1-f1(9))*f2(9)); 

 

%Zib 

yp(23)=(lambda(15)*y(32))... 

    -(mu(7)*y(23))... 

    +(rho(5)*y(11))... 

    -(rho(10)*y(23)*f1(7))... 

    -(rho(9)*y(23)*(1-f1(7))*(1-f2(7)))... 

    -(rho(7)*y(23)*(1-f1(7))*f2(7)); 

 

%Yib 

yp(24)=(lambda(16)*y(36))... 

    -(mu(8)*y(24))... 

    +(rho(6)*y(12))... 

    -(rho(10)*y(24)*f1(9))... 

    -(rho(9)*y(24)*(1-f1(9))*(1-f2(9)))... 

    -(rho(7)*y(24)*(1-f1(9))*f2(9)); 
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%L -> ligand -> IGF-I 

yp(25)=-(lambda(1)*y(25)/(phi*xi(1)*(1+lambda(1)+lambda(2))))... 

    +(mu(1)*y(5)*(1-fba)*(1+lambda(2))/(phi*xi(1)*(1+lambda(1)+lambda(2))))... 

    -(lambda(2)*y(25)/(phi*xi(1)*(1+lambda(1)+lambda(2))))... 

    +(mu(2)*y(6)*(1-

fra)*(1+lambda(1))/(phi*xi(1)*omega*(1+lambda(1)+lambda(2))))... 

    -(rho(8)*y(25))... 

    +(rho(8)*y(27)/xi(1))... 

    +(rho(9)*y(26)*xi(2)*(1-f1(3))*(1-f2(3))/xi(1))... 

    +(rho(7)*y(28)*xi(2)*(1-f1(3))*f2(3)/xi(1)); 

yp(26)=-(lambda(5)*y(26)/(phi*xi(2)))... 

    +(mu(5)*y(17)/(phi*xi(2)))... 

    -(lambda(6)*y(26)/(phi*xi(2)))... 

    +(mu(6)*y(18)/(phi*xi(2)*omega))... 

    -(rho(10)*y(26)*f1(3))... 

    -(rho(9)*y(26)*(1-f1(3))*(1-f2(3)))... 

    -(rho(7)*y(26)*(1-f1(3))*f2(3)); 

yp(27)=-(lambda(9)*y(27)/(phi*(1+lambda(9)+lambda(10))))... 

    +(mu(9)*y(7)*(1-fbb)*(1+lambda(10))/(phi*(1+lambda(9)+lambda(10))))... 

    -(lambda(10)*y(27)/(phi*(1+lambda(9)+lambda(10))))... 

    +(mu(10)*y(8)*(1-frb)*(1+lambda(9))/(omega*phi*(1+lambda(9)+lambda(10))))... 

    -(rho(8)*y(27))... 

    +(rho(8)*y(25)*xi(1))... 

    +(rho(9)*y(28)*xi(2)*(1-f1(3))*(1-f2(3)))... 

    +(rho(7)*y(26)*xi(2)*(1-f1(3))*f2(3)); 

yp(28)=-(lambda(13)*y(28)/(phi*xi(2)))... 

    +(mu(5)*y(19)/(phi*xi(2)))... 

    -(lambda(14)*y(28)/(phi*xi(2)))... 

    +(mu(6)*y(20)/(omega*phi*xi(2)))... 

    -(rho(10)*y(28)*f1(3))... 

    -(rho(9)*y(28)*(1-f1(3))*(1-f2(3)))... 
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    -(rho(7)*y(28)*(1-f1(3))*f2(3)); 

 

%I1 -> Insulin 

yp(29)=-(lambda(3)*y(29)/(phi*xi(1)*(1+lambda(3))))... 

    +(mu(3)*y(9)/(phi*xi(1)*(1+lambda(3))))... 

    -(rho(8)*y(29))... 

    +(rho(8)*y(31)/xi(1))... 

    +(rho(9)*y(30)*xi(2)*(1-f1(6))*(1-f2(6))/xi(1))... 

    +(rho(7)*y(32)*xi(2)*(1-f1(6))*f2(6)/xi(1)); 

yp(30)=-(lambda(7)*y(30)/(phi*xi(2)))... 

    +(mu(7)*y(21)/(phi*xi(2)))... 

    -(rho(10)*y(30)*f1(6))... 

    -(rho(9)*y(30)*(1-f1(6))*(1-f2(6)))... 

    -(rho(7)*y(30)*(1-f1(6))*f2(6)); 

yp(31)=-(lambda(11)*y(31)/(phi*(1+lambda(11))))... 

    +(mu(11)*y(11)/(phi*(1+lambda(11))))... 

    -(rho(8)*y(31))... 

    +(rho(8)*y(29)*xi(1))... 

    +(rho(9)*y(32)*xi(2)*(1-f1(6))*(1-f2(6)))... 

    +(rho(7)*y(30)*xi(2)*(1-f1(6))*f2(6)); 

yp(32)=-(lambda(15)*y(32)/(phi*xi(2)))... 

    +(mu(7)*y(23)/(phi*xi(2)))... 

    -(rho(10)*y(32)*f1(6))... 

    -(rho(9)*y(32)*(1-f1(6))*(1-f2(6)))... 

    -(rho(7)*y(32)*(1-f1(6))*f2(6)); 

 

%I2 -> Y60L 

yp(33)=-(lambda(4)*y(33)/(phi*xi(1)*(1+lambda(4))))... 

    +(mu(4)*y(10)/(phi*xi(1)*(1+lambda(4))))... 

    -(rho(8)*y(33))... 

    +(rho(8)*y(35)/xi(1))... 
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    +(rho(9)*y(34)*xi(2)*(1-f1(8))*(1-f2(8))/xi(1))... 

    +(rho(7)*y(36)*xi(2)*(1-f1(8))*f2(8)/xi(1)); 

yp(34)=-(lambda(8)*y(34)/(phi*xi(2)))... 

    +(mu(8)*y(22)/(phi*xi(2)))... 

    -(rho(10)*y(34)*f1(8))... 

    -(rho(9)*y(34)*(1-f1(8))*(1-f2(8)))... 

    -(rho(7)*y(34)*(1-f1(8))*f2(8)); 

yp(35)=-(lambda(12)*y(35)/(phi*(1+lambda(12))))... 

    +(mu(12)*y(12)/(phi*(1+lambda(12))))... 

    -(rho(8)*y(35))... 

    +(rho(8)*y(33)*xi(1))... 

    +(rho(9)*y(36)*xi(2)*(1-f1(8))*(1-f2(8)))... 

    +(rho(7)*y(34)*xi(2)*(1-f1(8))*f2(8)); 

yp(36)=-(lambda(16)*y(36)/(phi*xi(2)))... 

    +(mu(8)*y(24)/(phi*xi(2)))... 

    -(rho(10)*y(36)*f1(8))... 

    -(rho(9)*y(36)*(1-f1(8))*(1-f2(8)))... 

    -(rho(7)*y(36)*(1-f1(8))*f2(8)); 

 

yp(37)=(rho(10)*y(13)*f1(1))+(rho(10)*y(15)*f1(1)); 

yp(38)=(rho(10)*y(14)*f1(2))+(rho(10)*y(16)*f1(2)); 

yp(39)=(rho(10)*y(26)*xi(2)*f1(3))+(rho(10)*y(28)*xi(2)*f1(3)); 

yp(40)=(rho(10)*y(17)*f1(4))+(rho(10)*y(19)*f1(4)); 

yp(41)=(rho(10)*y(18)*f1(5))+(rho(10)*y(20)*f1(5)); 

yp(42)=(rho(10)*y(30)*xi(2)*f1(6))+(rho(10)*y(32)*xi(2)*f1(6)); 

yp(43)=(rho(10)*y(21)*f1(7))+(rho(10)*y(23)*f1(7)); 

yp(44)=(rho(10)*y(34)*xi(2)*f1(8))+(rho(10)*y(36)*xi(2)*f1(8)); 

yp(45)=(rho(10)*y(22)*f1(9))+(rho(10)*y(24)*f1(9)); 

 

yp=yp'; 

t 
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Appendix C: Baseline Model Validation 

C.1 Methods 

Tests of the mathematical model described in Chapter 5 were conducted to demonstrate 

that the equations were entered correctly and that the mathematical solver was 

functioning properly.  The model, which is composed of a system of 45 ordinary 

differential equations (Appendix A), was solved using MATLAB (version 6 release 12, 

The Mathworks) and the stiff ordinary differential equation solver, ode15s, with all 

default options except that the backward differentiation formulas option was used.  

Relevant parameter values are listed in Table 5.2 and discussed in further detail in 

Chapter 5. 

C.2 Results 

To validate that the mathematical model functioned properly at steady state, the model 

was run in the absence of any ligand and binding site levels were recorded.  As 

expected, both IGF-IR levels and IGFBP levels remained at their steady state values 

(Figure C1).  

 

 

Figure C. 1: Steady state levels of IGF-IR and IGFBPs.    

Levels of IGF-IRs and IGFBPs on both the apical ( —  and —, 
respectively) and basolateral (– – and – –, respectively) cell 
membranes 
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Once it was established that the model accurately described the cell system in the 

absence of ligand, simulations of binding studies were conducted.  To simulate the 

reduced temperature utilized in binding experiments, the parameters that define 

membrane internalization were reduced to zero.  When IGF-I is added, in the absence 

of competitors, to the apical side of the cell monolayer, IGF-I binds with both cell 

surface IGFBPs and IGF-IRs (Figure C2A).  As expected, when all binding sites are 

blocked by excess IGF-I, there is a decrease in the number of IGF-I complexes (Figure 

C2B).  Similarly, inclusion of Y60L-IGF-I prevents binding to IGFBPs (Figure C2C) 

and 

A  

 

 

C  
 Figure C. 2: Apical bindin
endothelial ce

Internalization was inhibited and 
apical side of the cell surface to
basolateral ( – – ) IGF-I /  IGF-IR c
or basolateral ( – – ) IGF-I / IGFBP
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Figure C. 3: Basolateral binding of IGF-I to model 
endothelial cells.   

Internalization was inhibited and IGF-I was added to the 
basolateral side of the cell surface to form apical ( — ) or 
basolateral ( – – ) IGF-I /  IGF-IR complexes or apical ( — ) 
or basolateral ( – – ) IGF-I / IGFBP complexes.  Simulations 
were conducting in the absence (A) or presence of binding 
competitors (IGF-I (B), Y60L-IGF-I (C), or insulin (D)). 

 

inclusion insulin prevents binding to IGF-IRs (Figure C2D).  Since the affinity between 

insulin and IGF-IR is substantially less than that between IGF-I and IGF-IR, inclusion 

of insulin does not completely prevent IGF-I/IGF-IR complex formation, even when 

added in excess (Figure C2D).  Similar results are seen when IGF-I is added to the 

basolateral side of the cell monolayer (Figure C3), except there are no IGF-IRs on the 

basolateral surface, so there is no formation of IGF-I/IGF-IR complexes.  Further, since 

IGF-I was not allowed to enter the cell, there was no formation of internal complexes 

and all levels remained at their steady state values.   
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Appendix D: Phenol Red Transport Across Transfect Variants 
of MAC-T Cells 

 

D.1 Introduction 

Since differences in cell-cell connectivity were detected between parental (MAC-T) 

cells and transfected MAC-T (SV40-IGF-I and TK-IGF-I) cells, further studies were 

pursued to demonstrate that these differences were the result of the production of IGF-I, 

not the transfection process. 

 

D.2 Materials and Methods 

Phenol red transport was measured as described in section 2.3.3.  In addition to the 

parental (MAC-T) and constitute IGF-I-secreting (SV40-IGF-I) cells, an inducible IGF-

I secreting (MD-IGF-I) cell line and 9 clones of a control cell line (SV40-Mock) were 

generously provided by Dr. R. Michael Akers in the Department of Dairy Science at 

Virginia Tech.  Two clones of the parental cells that were transfected to constitutively 

secrete IGFBP-3 (BP3 and BP3CL2) and a control cell line that contained the promoter 

but not the IGFBP-3 cDNA (BP3-Mock) were also tested.  These cells were generously 

provided by Dr. Wendie Cohick in the Department of Animal Sciences at Rutgers 

University.  As described in section 2.3.1, hygromycin B was included in growth media 

for SV40-Mock, BP3, BP3CL2, and BP3-Mock cells. 

 

D.3 Results 

As reported in section 2.4.1, after eight days of growth, IGF-I secreting cells failed to 

form a transport barrier against phenol red, while parental cells formed a nearly 

exclusive barrier.  Long term culture of SV40-IGF-I cells for up to 16 days did not 

improve their barrier properties (Figure D.1).  The barrier properties of the MAC-T 

cells slightly increased following 14 days of growth, but this was likely due to 

increased cell death since the cells were over confluent.  Phenol red transport was also 
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measured across MAC-T cells transfected to induce IGF-I production in the presence of 

dexamethasone (MD-IGF-I).  MD-IGF-I cells in the absence of dexamethasone formed 

transport barriers that were substantially more restrictive than IGF-I secreting cell lines.  

However, these barriers were also substantially more permeable than those formed by 

MAC-T cells, possibly due to very low production of IGF-I.   

 

 

 

Figure D. 1: Long term measurement of phenol red 
transport 

Phenol red transported across MAC-T (□), MD-IGF-I (□), and 
SV40-IGF-I (■) cells plated on tissue culture inserts at an 
initial density of 5 x 104 cells/cm2.  Measurements (mean ± 
S.E., n=4) are representative of 2 independent experiments. 

 

Additional cells lines that contained the promoter but no IGF-I cDNA (SV40-Mock) 

were generated in the lab of Dr. Akers.  Phenol red transport across SV40-Mock clones 

was varied, but all clones formed significantly (p < 0.05) better barriers than SV40-

IGF-I cells after 12 days of growth and one clone formed a significantly better barrier 

than MAC-T cells (Figure D.2). 
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Figure D. 2: Phenol red transport across SV40-Mock cells 

Phenol red transport across MAC-T (□), SV40-IGF-I (■), and 
SV40-Mock (○) cells plated on tissue culture inserts at an 
initial density of 5 x 104 cells/cm2.  Measurements (mean ± 
S.E., n=2) are representative of 2 independent experiments. 

 

Since IGF-I secreting cells also secreted increased levels of IGFBP-3 (Figure 2.5A), the 

transport properties of several IGFBP-3 secreting cell lines (BP3 and BP3CL2) were 

also tested.  Phenol red transport across BP3 and BP3CL2 cells was significantly less  

 

Figure D. 3: Phenol red transported across IGFBP-3 
autocrine cells 

Phenol red transported across MAC-T (□), SV40-IGF-I (■), 
BP3 (♦), BP3CL2 (▲), and BP3-Mock (◊) cells plated on 
tissue culture inserts at an initial density of 5 x 104 cells/cm2.  
Measurements (mean ± S.E., n=2) are representative of 2 
independent experiments. 
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than SV40-IGF-I cells but significantly more than the parental (MAC-T) cells.  However, 

the transport barriers of these cell lines were similar to those of their control cell line 

(BP3-Mock). 
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Appendix E: Western Immunoblots for Occludin and Akt 

E.1 Introduction 

Addition western immunoblots were conducted as described in Section 2.3.7 to detect 

occludin and Akt levels following 10 min stimulation with IGF-I (100 ng/ml).  

Following treatment with IGF-I, samples were collected in Laemmli buffer, loaded into 

7% tris-glycine gels, separated at constant voltage and transferred to PVDF membranes.  

Membranes were then probed with rabbit anti-occludin (1:16,000) (Zymed, South San 

Francisco CA) and anti-rabbit (1:20,000) (Zymed), rabbit anti-Akt (1:15,000) (Cell 

Signaling Technology, Beverly MA) and anti-rabbit (1:15,000) (Zymed), or rabbit anti-

phospho-Akt (1:15,000) (Cell Signaling Technology) and anti-rabbit (1:15,000) 

(Zymed). 

 

E.2 Results 

Similar to results for the junction components E-cadherin and β-catenin (Figure 2.7), 

MAC-T cells had higher levels of the tight junction component, occludin, than either 

IGF-I secreting cell line (Figure E.1 A).  As expected, this expression was not affected 

by addition of IGF-I since protein synthesis requires more than 10 minutes, which was 

the duration of stimulation. 

 

In their unstimulated state, there was no endogenous activation of the PI3K signaling 

component Akt in the parental MAC-T cell line (Figure E.1B and C).  However, MAC-

T cells do retain their ability to signal through phosphor-Akt upon stimulation by IGF-I 

(Figure E.1B), even though their cell surface receptors have been partially down 

regulated (Figure 2.8).  Interestingly, activation of Akt occurs in SV40-IGF-I cells even 

in the absence of exogenous IGF-I, likely due to autocrine stimulation by IGF-I.   

Activation of Akt in SV40-IGF-I and TK-IGF-I cell is enhanced upon addition of 

exogenous IGF-I (Figure E.1B and C). 
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Figure E. 1:  Western immunoblots for occludin and Akt 

Western immunoblots of MAC-T, SV40-IGF-I, and TK-IGF-I 
cell lysates, unstimulated or stimulated with IGF-I (100 ng/ml) 
for 10 min  Cells were plated on tissue culture inserts at 5 x 
104 cells/cm2,  lysed after 8 days of culture, and probed for 
occludin (A), phospho-Akt (B), and total Akt (C). 
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Appendix F: Mixed Cultures of Parental and IGF-I Secreting 
Cells (Experiment #147) 

 

F.1 Purpose 

To further investigate the mechanisms involved in the loss of barrier formation in IGF-I 

secreting cells, experiments were conducted with mixed cultures of these cells. 

 

F.2 Results 

Phenol red transport was measured across mixed cultures of MAC-T and SV40-IGF-I 

cells.  After 8 days of growth, even inserts initially plated with 80% SV40-IGF-I cells 

and 20% MAC-T cells formed substantial barriers to the transport of phenol red and 

inserts plated initially with either 20% or 50% SV40-IGF-L cells formed almost totally 

exclusive barriers (Figure F.1). 

 

Figure F. 1:  Phenol red transported across mixed cell 
cultures 

Phenol red transported across mixed cultures of MAC-T and 
SV40-IGF-I cells.  20% MAC-T and 80% SV40-IGF-I (●); 
50% MAC-T and 50% SV40-IGF-I (■); and 80% MAC-T and 
20% SV40-IGF-I (♦) cells plated on tissue culture inserts at 
an initial density of 5 x 104 cells/cm2.  Measurements (mean ± 
S.E., n=4) are representative of 1 independent experiments. 
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To determine if the formation of these barriers was due to loss of SV40-IGF-I cells and 

the increased presence of MAC-T cells, SV40-IGF-I cells were fluorescently labeled 

with DiI and plated in mixed culture with MAC-T cells.  The percentage of the culture 

that fluoresced, indicating presence of SV40-IGF-I cells, was recorded over a period of 

9 days (Figure F.2).  Although these results are very preliminary and the protocol needs 

to be further optimized and repeated, after 9 days of growth, there was a significant 

number of SV40-IGF-I cells in culture, indicating that the insert is not dominated by 

MAC-T cells.  This suggests that mixed culture with MAC-T cells, perhaps through 

enhanced junction formation due to higher levels of occludin and E-cadherin on MAC-

T cells, promotes better barrier formation in SV40-IGF-I cells.  Further studies are 

needed to test this hypothesis. 

 

Figure F. 2: Fluorescent quantification of cells in mixed 
culture 

Fluorescent detection of SV40-IGF-I cells present in mixed 
cultures of MAC-T and SV40-IGF-I cells initially plated at: 
100% SV40-IGF-I (●); 25% MAC-T and 75% SV40-IGF-I 
(■); 50% MAC-T and 50% SV40-IGF-I cells (♦); and 75% 
MAC-T and 25% SV40-IGF-I (○).  Measurements are 
representative of 1 independent experiments. 

 

F.3 Acknowledgements 

The fluorescent staining and imaging protocol was developed by Denise Goad during 

the summer of 2002.  The fluorescent data reported in Figure F.2 was collected by Ms 

Goad. 
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Appendix G: Supplemental Results for Chapter 4 

 

G.1 Introduction 

This appendix reports additional results in support of Chapter 4 

 

G.2 Results 

G.2.1 Western ligand blot 

As reported in Section 4.4.2, the IGFBPs detected in conditioned media from the apical 

side of bovine aortic endothelia cells have molecular weights consistent with IGFBPs 2, 

3, and 4 (Figure F.1), with the predominant species being IGFBP-4.  Further, no 

IGFBPs were detected in conditioned media collected from the basolateral side of the 

monolayers. 

 Apical     Baso 

 

 

 

 

 

 

 

 

41 

24 

29 

Figure G. 1:  Ligand blot of conditioned media from 
BAEC 

Western ligand blot of BAEC conditioned media.  
Conditioned media was collected from the apical (0.5 ml) and 
basolateral (1.5 ml) compartments and treated as described in 
the Section 4.3.8.  Blot is representative of 3 independent 
experiments. 
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G.2.2 Satin analysis 

As described in Section 4.3.10 and reported in Section 4.4.3, internalization of IGF-I by 

IGF-IRs and IGFBPs was analyzed using Satin plots.  Satin analysis resulted in a good 

fit (R2= 0.97) of data collected from IGF-IR mediated internalization (Figure F.2A) but 

poor fit (R2=0.62) of data collected from IGFBP mediated internalization (Figure 

F.2B).  Although the results reported here are from 1 experiment, they are 

representative of 3 independent experiments.  This suggested that IGF-IRs internalize 

IGF-I, but the IGFBPs present in this system do not.  

 

 

A

 
 

 
B
 

Figure G. 2: Satin analysis 

Satin analysis of data collected from (A) IGF-IR mediated 
internalization and (B) IGFBP mediated internalization of 
IGF-I.  Measurements are representative of 3 independent 
experiments. 
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G.2.3 Basolateral to Apical Transport of IGF-I 

In addition to the apical to basolateral transport experiment presented in Chapter 4, 

basolateral to apical transport of IGF-I was also measured.  Cells were plated and 

treated as described in Section 4.3.4.  Following incubation at 37°C with treatments 

(IGF-I (2 µg/ml), Y60L-IGF-I (2 µg/ml), or insulin (10 µg/ml)), 125I-IGF-I (4 ng/ml) 

was added to basolateral chambers.  Samples were collected every 3 hours from the 

apical chamber and replenished with binding buffer and the appropriate treatment and 

analyzed as described in Section 4.4.4.  There was no significant (p < 0.05) different in 

the transport of IGF-I in the absence (none) or presence of competitors (IGF-I, Y60L-

IGF-I, or insulin) (Figure F.3).  This is not surprising since, as reported in   Chapter 4, 

basolateral binding experiments showed that there were no detectable IGF-IRs on the 

basolateral surface and half as many IGFBPs as were present on the apical surface. 

 

Figure G. 3: Basolateral to apical transport of IGF-I 

125I-IGF-I transported over 12 hrs from the basolateral to 
apical side of bovine aortic endothelial cells (BAECs) in the 
absence (none) (○) or presence of binding competitors (IGF-I 
(2 µg/ml) (∅), Y60L-IGF-I (2 µg/ml) (●), or insulin (10 
µg/ml) (⊗)) at 37°C.  BAECs were plated and cultured as 
described in Section (4.3.4).  Results indicate the mean ± SEM 
(n = 3) and are representative of three independent 
experiments. 

 155 



 156 

Vita 

Julie Melissa Davis Paye received a Bachelor of Science in Chemical Engineering in 

1998 from Florida Institute of Technology in Melbourne, Florida.  During this time she 

completed a coop with Airbus Industries in Toulouse, France.  She then began work on 

her doctoral dissertation in the Fall of 1998, and in addition obtained a Masters of 

Engineering in Chemical Engineering in 2001 from Virginia Polytechnic Institute & State 

University in Blacksburg, Virginia. 

 

 


	List of Figures
	List of Tables
	Introduction and Overview
	Transport properties
	Background
	Paracellular transport
	Transcellular transport

	Insulin-like growth factor-I (IGF-I)
	Biological Applications involving the IGF-I axis
	Tight junction permeability in metastasis
	Delivery of therapeutics

	Computational Modeling
	Overview of Dissertation

	Autocrine Production of Insulin-like Growth Factor-I (IGF-I) Impacts Cell Connectivity
	Abstract
	Introduction
	Materials and Methods
	Epithelial cell lines.
	Cell culture.
	Phenol red transport.
	Total protein quantification.
	ECM Isolation.
	Western Ligand Blot.
	Western Immunoblot.
	IGF-I Binding Studies.
	Statistical Analysis.

	Results
	Effect of autocrine IGF-I production.
	Cell Density and Barrier Properties.
	Effect of extracellular matrix (ECM) formation.
	Exogenous IGF-I or IGFBP-3 does not impact MAC-T barrier properties.
	Co-culture does not alter barrier properties.
	Decreased IGF-IR binding for parental cells at day 8.
	Autocrine cells express reduced levels of adherens and tight junction proteins.

	Discussion
	Acknowledgments

	Surface coating and plating density impact properties of in vitro model endothelium
	Abstract
	Introduction
	Materials and Methods
	Endothelial cell culture.
	Coating of inserts.
	Transmonolayer electrical resistance.
	Phenol red transport.
	DNA quantification.
	Western immunoblot for occludin.
	Immunofluorescent staining and confocal imaging.

	Results and Discussion
	Effect of surface coating
	Effect of cell number.
	Western immunoblot of occludin.
	Immunofluorescent staining and confocal imaging.

	Acknowledgments

	Delivery of insulin-like growth factor-I (IGF-I) across the endothelium: Regulation by IGF binding proteins
	Abstract
	Introduction
	Materials and Methods
	Materials
	Cell Culture
	Coating of inserts
	IGF-I Transport
	Paracellular Transport
	Binding Studies
	Analysis of Binding Results
	Ligand Blot
	Ligand Internalization
	Analysis of Internalization Results
	Evaluation of Ligand Degradation
	Statistical Analysis
	Computational Model

	Results
	Surface binding retards 125I-IGF-I transport
	IGFBPs dominate cell surface binding
	IGF-IRs but not IGFBPs  internalize 125I-IGF-I

	Discussion

	Computational Modeling of Insulin-like Growth Factor-I (IGF-I) Transport: Regulation by IGF Binding Proteins
	Abstract
	Introduction
	Mathematical Model
	Model Parameters
	Solution of Model
	Results and Discussion

	Conclusions and Future Work
	References
	Equations for  Mathematical Model
	MATLAB code
	Main program
	Differential Equations

	Baseline Model Validation
	Methods
	Results

	Phenol Red Transport Across Transfect Variants of MAC-T Cells
	Introduction
	Materials and Methods
	Results

	Western Immunoblots for Occludin and Akt
	Introduction
	Results

	Mixed Cultures of Parental and IGF-I Secreting Cells (Experiment #147)
	Purpose
	Results
	Acknowledgements

	Supplemental Results for Chapter 4
	Introduction
	Results
	Western ligand blot
	Satin analysis
	Basolateral to Apical Transport of IGF-I


	Vita

