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Abstract: 

The signalling response to insulin stimulation is highly regulated in target cells 

such as adipocytes. One such method of regulation is through localization of signalling 

effector molecules to specific membrane microdomains known as caveolae. Caveolae are 

plasma membrane invaginations found to be present on differentiated 3T3-L1 adipocytes, 

from which the Src-family protein tyrosine kinase Fyn, and the resident structural 

proteins caveolin 1 and 2 can be isolated. Differentiation was found to be key for this 

localization, as well as the differentiation process itself was seen to be affected by the 

Src-family kinases. 3T3-L1 cells, when induced to differentiate into adipocytes, display 

a caveolae-localized tyrosine phosphorylation increase in response to insulin stimulation. 

Insulin stimulation results in true caveolae signalling, as caveolin 1 is tyrosine 

phosphorylated in addition to many other proteins. This signalling event requires the 

serum component lysophosphatidic acid (LPA) and represents a unique mechanism of 

cross talk between two distinct receptor systems. 
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1) INTRODUCTION: 

Signal transduction is a complex process of biochemical interactions that serve to 

communicate an extracellular stimulus to the appropriate cytoplasmic and/or nuclear 

effector. The process begins with binding of a ligand to its cognate receptor on the cell 

surface, and transduces through a variety of intermediate proteins to elicit different 

physiological responses. In recent years, a wealth of knowledge has been accumulated 

on various signalling pathways, as well as the proteins and interactions that define them. 

These signalling pathways originate at the plasma membrane, which serves not only as a 

barrier to the extracellular environment, but also as an environment in which selective 

interactions between proteins and lipids occur. It has been proposed that clustering of 

these signalling molecules in specific subcellular compartments within the plasma 

membrane results in an efficient transduction of signals as well as reduces the occurrence 

of aberrant signalling. The exact location where signal transduction mediators are 

clustered within the cell and how these intermediate proteins interact to send the 

appropriate signal is not yet completely understood. One proposed centre of signal 

integration at the plasma membrane is within membrane microdomains, such as caveolae. 

1.1) Receptor Tyrosine Kinase Signalling: 

One major cellular signalling mechanism involves transmembrane receptors. 

These are composed of a cytoplasmic domain which possess intrinsic tyrosine kinase 

activity, a membrane-spanning domain, and an extracellular domain with ligand binding 

affinity. These receptors are collectively termed receptor tyrosine kinases (RTKs) and at 

least 50 members of this receptor superfamily are known to exist (Heldin, 1996). Such 

members include: epidermal growth factor (EGF) receptor, platelet-derived growth factor 



2 

(PDGF) receptor, fibroblast growth factor (FGF) receptor, colony stimulating factor-1 

(CSF-1) receptor, ephrin (Eph) receptors and the insulin receptor (reviewed in Heldin, 

1996). The mechanism of action of the RTK superfamily has common elements, which 

will be briefly outlined below and in Figure 1.1 

The basic structure of a prototypical RTK consists of an extracellular domain, 

responsible for ligand binding; a transmembrane domain, which spans the plasma 

membrane; and a cytoplasmic tail, which contains the catalytic domain of the kinase as 

well as several key tyrosine residues that are involved in coupling to the signalling 

machinery within the cell. The binding of a cognate ligand to the extracellular portion of 

the RTK results in immediate dimerization or oligomerization and conformational change 

in the receptor, which triggers the activation of its cytoplasmic tyrosine kinase activity 

(Schlessinger, 1992). Activation of the intrinsic tyrosine kinase activity of the RTK leads 

first to the transphosphorylation of key tyrosine residues in the cytoplasmic tails of the 

receptor dimers. These phosphotyrosine residues can then couple to downstream 

effectors of the signalling cascade by acting as docking sites for a variety of Src-

homology 2 (SH2) domain-containing proteins, which bind phosphotyrosine-containing 

proteins in a sequence-specific manner. The phosphotyrosine residues can also interact 

with and stimulate the activity of SH2 domain-containing enzymes, such as 

phosphatidylinositol-3 kinase (PI3K), through its regulatory p85 subunit. Other SH2 

domain-containing kinases, such as the Src-family protein tyrosine kinases, are also 

recruited to the phosphotyrosine residues in the cytoplasmic tail of the RTK, where they 

are activated. Finally, the receptor can phosphorylate docking proteins on tyrosine 

residues. These docking proteins, She, insulin receptor substrate 1 (IRS1), and insulin 
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o Ligand 
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Figure 1.1: The mechanism of RTK activation. Upon ligand binding, the 

receptor undergoes dimerization and activation, resulting in autophosphorylation of 

tyrosine residues in the cytoplasmic tails. Src homology 2 (SH2) domain-containing 

proteins can now bind to these sites and propagate the signal. 
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receptor substrate 2 (IRS2) for example, can in turn bind to SH2 domain containing 

proteins, including those listed above, to further propagate the signal. 

1.2) Insulin Physiology and Signalling: 

Insulin is a critical regulator of cellular metabolism. Changes in the insulin 

signalling pathway can lead to a host of disorders, including Diabetes mellitus, and can 

contribute to the development of certain forms of cancer (Myers, 1996). The metabolic 

effects of insulin are largely exerted on muscle (both cardiac and striated), liver, and 

adipose tissue (Moule and Denton, 1997). Insulin is one of the most potent anabolic 

agents, promoting both the synthesis and storage of carbohydrates, lipids, and proteins as 

well as inhibiting their degradation and release into the circulation (Moule and Denton, 

1997). Insulin causes widespread physiological effects, which include stimulation of 

glucose and amino acid transport; activation of metabolic enzymes; increased protein, 

DNA, and RNA synthesis; and regulation of gene transcription, cellular growth, and 

differentiation. Insulin increases the net uptake of glucose from the blood and depending 

on the cellular context, either enhances its conversion into glycogen and triacylglycerol, 

or inhibits the breakdown of triacylglycerol and glycogen, fatty acid oxidation, ketone 

body formation, and gluconeogenesis (Moule and Denton, 1997). These effects are 

elicited by a combination of rapid mechanisms (translocation of the GLUT4 glucose 

transporter and alterations in the activity of key metabolic enzymes by changes in their 

phosphorylation status) and delayed mechanisms that involve changes in gene expression 

through transcription and translation (Moule and Denton, 1997). Insulin has also been 

shown to stimulate amino acid uptake, stimulate the activity of Na+ K+ pumps, and inhibit 

apoptosis (Yenush and White, 1997). 
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The movement of glucose into cells from the circulatory system is accomplished 

through a family of facilitated glucose transporters, termed GLUTs (Myers, 1996). 

GLUT1 is present in the plasma membrane of most cells and tissues and is relatively 

insulin-insensitive (Lienhard, 1992). It is therefore thought to function as a housekeeping 

transporter, providing the basal hexose uptake required by all cells (Lienhard, 1992). 

GLUT4, by contrast, is present exclusively in insulin responsive tissues such as adipose 

and striated muscle and resides in an intracellular vesicular compartment prior to insulin 

stimulation (Lienhard, 1992). 

1.2.1) Insulin Receptor: 

The insulin receptor is a heterotetrameric protein, composed of two extracellular 

a and two transmembrane p subunits (Myers, 1996). The a subunits mediate the binding 

of insulin to the receptor, while the [3 subunits are responsible for communicating the 

ligand binding event to the signalling machinery via their intrinsic tyrosine kinase activity 

(Ullrich, 1985). Upon insulin binding, the cytoplasmic tails of the p subunits 

transphosphorylate each other on five tyrosine residues (Myers, 1996). Once activated, 

the insulin receptor kinase is active as long as the tyrosine residues are phosphorylated, 

until an insulin receptor targeted phosphatase is recruited to terminate the signal (Drake, 

1996; Band, 1997). Site-directed mutagenesis of specific insulin receptor 

transphosphorylation sites has shown that the intrinsic kinase activity of the insulin 

receptor is required for the mitogenic and metabolic effects of insulin (Murakami, 1991; 

Wilden, 1992; Czech, 1995). Unlike other receptor tyrosine kinases such as EGF 

receptor and PDGF receptor, the phosphorylated insulin receptor does not act as the 

primary docking site for its downstream effectors, rather it relies on large docking 
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proteins, insulin receptor substrates (IRS), that serve as the primary communication post 

to the cellular signalling machinery (Myers, 1994). 

1.2.1) Insulin Receptor Substrate (IRS-) Proteins: 

IRS1 and 2 are 185 kDa proteins that are tyrosine and serine/threonine 

phosphorylated immediately upon insulin binding by the insulin receptor (White, 1987). 

Both IRS1 and IRS2 are ubiquitously expressed (Myers, 1996). At present, no 

differences in localization and signalling capacity have been noted between the IRS 

proteins (Myers, 1996). However, IRS1 knock-out mice showed a 50% reduction in 

intrauterine growth, impaired glucose tolerance, and a decrease in insulin/insulin-like 

growth factor-1 (IGF-1) stimulated glucose uptake in vivo and in vitro (Araki, 1994; Sun, 

1995). Although IRS2 was present within the cells of these mice, it appears that it cannot 

completely compensate for the loss of IRS 1 (Araki, 1994; Sun, 1995). IRS2 knock-out 

mice show a phenotype similar to that of human Type II diabetes, suggesting that the loss 

of this protein may contribute to the pathophysiology of the disease (Withers, 1998). A 

third IRS protein, IRS3, which at 60 kDa is much smaller than its counterparts, has been 

identified (Smith-Hall, 1997). The expression pattern and function of this new family 

member have not been clearly established (Smith-Hall, 1997). IRS4, the final family 

member identified to date, has higher similarity to IRS 1 and 2, but its role in the insulin 

response has not been completely identified (Fantin, 1999). 

IRS1 and IRS2 share many structural features which are important for their 

functions: a pleckstrin homology (PH) domain, and a phosphotyrosine binding (PTB) 

domain, both of which may play a role in their association with the insulin receptor, and 

several tyrosine, threonine, and serine residues which become phosphorylated upon 
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insulin binding to its receptor (Yenush, 1997). Once phosphorylated, the IRS proteins 

serve as docking sites for a number of downstream signalling molecules. A diagram of 

the insulin signalling pathway is seen in Figure 1.2. 

1.2.3) Phosphatidvlinositol-3 Kinase (PI3K1: 

One of the main signalling pathways that becomes activated following 

recruitment to the IRS proteins is the phosphatidylinositol-3 kinase (PI3K) cascade, 

which mediates many of the major metabolic effects of insulin stimulation. PI3K is 

composed of a 110 kDa catalytic subunit and an 85 kDa regulatory subunit. The 

regulatory subunit binds phosphorylated tyrosine residues on the IRS proteins via its SH2 

domain, activating the catalytic subunit by dissociation (Myers, 1996). The activated 

catalytic subunit phosphorylates phosphatidylinositol molecules at the 3 position of the 

inositol ring. These products serve to activate further downstream molecules. Once 

activated, PI3K induces the translocation of GLUT4-containing vesicles to the plasma 

membrane from intracellular stores through the activation of protein kinase B (PKB) 

(Hara, 1994; Myers, 1996). After insulin stimulation, a small amount of GLUT1 

translocates to the plasma membrane from intracellular stores, but the bulk of the insulin-

stimulated glucose uptake is mediated by the translocation of intracellular GLUT4 to the 

plasma membrane (Lienhard, 1992). The final plasma membrane destination of the 

GLUT-4 glucose transporters is controversial, as some reports have suggested that they 

could reside within caveolae (Scherer, 1994; Gustavsson, 1996). 

PI3K is also known to be involved in the activation of the p70S6 kinase, which 

activates protein synthesis through eukaryotic initiation factor-4B binding protein (EIF-

4B/PHAS-1) (Weng, 1995). The acute metabolic effects of insulin appear to involve 3 
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Figure 1.2: The insulin signalling cascade. Insulin, upon binding the insulin receptor, 

triggers autophosphorylation of tyrosine residues in the receptor cytoplasmic tails and 

stimulates the tyrosine phosphorylation of the IRS proteins. A number of SH2 domain-

containing proteins can now bind to the IRS proteins, and in the case of She, the 

phosphorylated receptor itself. Phosphorylation-independent binding to the IRS proteins 

is seen in the case of 14-3-3 scaffold. A number of signalling pathways are activated 

through interaction with the IRS proteins, ultimately resulting in mitogenesis, protein 

synthesis, glucose metabolism, and unknown consequences. 
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main signalling pathways: 1) Those leading to an increase in glucose transport and the 

activation of glycogen synthase, acetyl-coenzyme A carboxylase, eukaryotic initiation 

factor-2B (EEF-2B), and phosphodiesterase, which involve PI3K and PKB (Moule, 

1997); 2) Those leading to an increase in protein synthesis by formation of the 

eukaryotic initiation factor-4F (EIF-4F) complex, S6 phosphorylation, and activation of 

eukaryotic elongation factor-2, which involve PI3K and p70S6 kinase (Moule, 1997); 3) 

Those leading to the activation of pyruvate dehydrogenase, important in lipid synthesis, 

which is unique in that it does not require PI3K activation (Moule, 1997). The 

mechanism by which pyruvate dehydrogenase is activated is unknown at present. 

1.2.4) Other IRS Binding Proteins Involved in Insulin Signalling: 

The Src-family protein tyrosine kinase Fyn also binds to the phosphotyrosyl 

residues of the IRS proteins through its SH2 domain (Myers, 1996). The role of Fyn in 

the insulin signalling cascade has not been characterized. In addition to Fyn, the kinase 

Nek binds IRS 1 and 2 in a phosphorylation-dependent manner, but no known functional 

consequence has been established (Myers, 1996). The phosphatase Syp also binds IRS in 

a phosphorylation-dependent manner, which is thought to be responsible for halting the 

insulin signalling cascade by dephosphorylating the phosphotyrosine residues in the 

cytoplasmic tail of the insulin receptor (Saltiel, 1996). A number of phosphorylation-

independent interactions also occur, such as binding of the scaffold 14-3-3 (Myers, 

1996). 

1.2.5) Mitogen-Activated Protein Kinase (MAPK1: 

Another pathway induced by insulin is the mitogen-activated protein kinase 

(MAPK) pathway, which can be regulated in both an IRS-dependent and independent 
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manner, by direct binding to the phosphorylated cytoplasmic tail of the (3 subunits of the 

insulin receptor itself or to the tyrosine phosphorylated IRS proteins (Myers, 1994; 

Myers, 1996). MAPK, a serine/threonine kinase, is activated by a cascade of protein 

interactions, one of which begins with activation of the small GTPase Ras at the plasma 

membrane (Myers, 1996). This occurs by binding to the adaptor protein growth receptor 

binding protein-2 (Grb-2), which is complexed with the guanine nucleotide exchange 

factor son of sevenless (SOS). Grb-2 can either be bound to phosphotyrosine residues on 

the IRS proteins, or on the insulin receptor itself (Myers, 1996). The adaptor protein She 

is also found in the complex (Myers, 1996). Ras then activates the serine/threonine 

kinase Raf-1, which triggers a cascade of kinases, including MAPK kinase, MEK (Myers, 

1996). MEK is a dual specificity kinase, which phosphorylates and activates MAPK on 

both threonine and tyrosine residues. Activated MAPK in turn phosphorylates a variety 

of cytosolic and nuclear factors, ultimately leading to transcriptional regulation (Kim, 

1997). A number of studies indicate that the MAPK cascade is not involved in the acute 

metabolic effects of insulin, but has a role in the regulation of gene transcription and 

therefore may mediate the delayed effects of insulin signalling (Kim, 1997; Moule, 

1997). 

Many of the pathways activated by insulin are overlapping for other stimuli as 

well, such as the MAPK pathway in response to EGF or PDGF stimulation. Since in 

vivo, insulin would be delivered to the cell surface in plasma, it is possible that other 

components of plasma may aid in the insulin response. One of the major mitogenic 

components of plasma and serum is lysophosphatidic acid (LP A), which binds cell 

surfaces through a G-protein coupled receptor. 
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1.3) G-Protein Coupled Receptors: 

G-protein coupled receptors (GPCRs) are a family of seven-transmembrane 

receptors that are coupled to heterotrimeric GTP-binding proteins (G proteins) and 

comprise the largest known family of cell surface receptors, with over 1000 GPCRs 

identified to date. A diverse array of external stimuli including neurotransmitters, 

hormones, phospholipids, photons, odorants, certain taste ligands, and growth factors can 

activate specific members of this receptor family and promote the interaction between the 

receptor and the G-protein on the intracellular side of the membrane (Gutkind, 1998). 

Despite the diverse array of ligands with which they interact, GPCRs share a conserved 

tertiary structure characterized by seven transmembrane domains which are joined by 

intracellular and extracellular loops (van Biesen, 1996). There are three main 

components of GPCR signalling; 1) the transmembrane receptor, which binds the 

extracellular ligand; 2) the heterotrimeric G-protein, which dissociates into its Ga and (3y 

subunits after interaction with the ligand-bound receptor; and 3) the cellular effectors, 

which associate with the Ga and py subunits to mediate the intracellular effects of ligand 

binding (van Biesen, 1996). In a particular cell type, the response to the stimulus is 

dictated by the available complement of receptors, G-proteins and effectors. Coupling to 

specific G-proteins is determined by the intracellular domains, particularly the second 

and third intracellular loops and the C-terminal tail (van Biesen, 1996). 

G-proteins are involved in determining the specificity and temporal response to 

extracellular signals. They are composed of a, p, and y subunits, and although there are 

many gene products encoding each subunit (20a, 6(3, and 12y), four main classes of G 

proteins can be distinguished: Gs, which activates adenylyl cyclase (the enzyme 
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responsible for converting ATP into cAMP) and is cholera toxin (CTX) sensitive; Gj, 

which inhibits adenylyl cyclase and is pertussis toxin (PTX) sensitive; Gq, which 

activates phospholipase C (PLC); and G12 and G13, which have no known function 

(Hamm, 1998). G proteins are inactive in their GDP-bound, heterotrimeric state and are 

activated by receptor-catalyzed guanine nucleotide exchange, resulting in GTP binding to 

the a subunit (Hamm, 1998). GTP binding leads to the dissociation of Ga-GTP from the 

(3y subunits, which remain constitutively associated (Hamm, 1998). This dimerization 

results in the generation of two units which are each capable of regulating intracellular 

signalling. One receptor may activate many G proteins before it is itself inactivated by 

phosphorylation-dependent desensitization (van Biesen, 1996). The intrinsic GTPase 

activity of the Got subunit mediates the rate limiting hydrolysis of GTP to GDP allowing 

for the subsequent reassembly of the GafJy complex, thereby inactivating the G protein 

(van Biesen, 1996). In addition to Ga-GTP, the G protein Py subunits are involved in 

separate signalling pathways. The initial signalling events that occur upon ligand binding 

of its cognate GPCR are illustrated in Figure 1.3. 

1.3.1) Lvsophosphatidic Acid, A Member of the GPCR Family: 

Lysophosphatidic acid (LPA) is a simple phospholipid that can affect a wide 

variety of cellular functions through binding to GPCRs. These include initiation and 

regulation of proliferation, enhancement of survival/suppression of apoptosis, promotion 

of differentiation, and stimulation of cytoskeletal-based functions in cell types such as 

fibroblasts and neuronal cells (Goetzl, 2000). LPA is generated from precursors stored in 

membranes and secreted by platelets, macrophages, epithelial cells, and some cancer cells 

(particularly breast cancer) in amounts sufficient to establish micromolar concentrations 
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Figure 1.3: The mechanism of GPCR signalling. Four classes of G protein coupled 

receptors exist, which each couple to heterotrimeric G proteins. In the upper panel, the 

consequences of activating the four classes of GPCRs are shown. In the lower panel, the 

inactive and active states of the heterotrimeric G proteins are illustrated. 
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in plasma and other extracellular fluids during tissue responses to infection, for example 

(Goetzl, 2000). 

LP A exerts its cellular effects through three members of a GPCR family known as 

the endothelial differentiation gene (EDG) receptors, which were also separately 

identified and termed ventricular zone gene 1 (VZGl) (An, 2000). The receptors are now 

collectively referred to as the EDG receptors. Seven members of this family are known 

to exist to date, termed EDG1 to 7, which are divided into two categories (An, 2000). 

EDG2,4, and 7 are 45-50% identical in amino acid sequence and are all receptors for 

LP A. EDG1, 3, and 5 are 44-50% identical in amino acid sequence and are receptors for 

a related phospholipid, sphingosine 1-phosphate (An, 2000). Sequence alignment puts 

EDG6 in between the two categories, its ligand has not yet been identified (An, 2000). 

Features of GPCRs, such as the putative seven transmembrane domains and multiple 

phosphorylation sites in the intracellular regions are all conserved in the EDG receptors 

(An, 2000). The functional differences, if any, and differential expression patterns for the 

three LPA receptors have not been identified to date. 

1.3.2) LPA Signalling through EDG Receptors: 

The EDGRs all couple to three or more types of G proteins and trigger the 

activation of several major groups of intracellular messengers. The first pathway 

increases the cyclic adenosine monophosphate (cAMP) concentration through Gs, where 

the Goes subunit activates adenylyl cyclase, which converts adenosine triphosphate (ATP) 

into cAMP (An, 1998; Goetzl, 1998). The production of cAMP activates protein kinase 

A (PKA), which further activates downstream substrates (Gutkind, 1998). The second 

pathway increases the intracellular Ca concentration by augmenting phospholipase C 
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(PLC) activity through Gotq and Qpy subunits (An, 1998; Goetzl, 1998). PLC converts 

phosphoinositol bisphosphate (PIP2) into diacylglycerol (DAG) and inositol triphosphate 

(IP3), which have been shown to activate protein kinase C (PKC) and the release of 

intracellular calcium from its stores in the endoplasmic reticulum (Gutkind, 1998). This 

flux in calcium levels activates a host of calcium-regulatable enzymes, including PKC, a 

serine-threonine kinase which continues the activation cascade (Gutkind, 1998). The 

third effect is the induction of PI3K, MAPK, pi25 focal adhesion kinase (FAK), and 

phospholipase D via activation of the small GTPase Rho through G12/13 (An, 1998; 

Goetzl, 1998). With respect to gene activation, transcription factors Elk-1 of the ternary 

complex factor family, and serum response factor (SRF) are activated by MAPK and Rho 

effector kinases, respectively (An, 2000). Elk-1 and SRF then bind to the specific DNA 

sequence known as the serum response element (SRE), which is present in the promoters 

of most immediate early genes, such as c-fos (Hill, 1995). 

LPA is known to be a potent bioactive phospholipid that is able to regulate both 

proliferation and differentiation. It has been shown to be involved in four interactive 

mechanisms. 1) Enhancement of SRE activity in the promoters of growth related genes, 

as detailed above. 2) Induction of cellular production and secretion of polypeptide 

growth factors, such as transforming growth factors a and P (TGFoc and P) (Piazza, 

1995). 3) Sensitization of some types of cells to the effects of a polypeptide growth 

factor, such as PDGF, has been seen to occur only in cells for which LPA alone has a 

weak activity, such as mesangial cells (Inoue, 1997). In this case, LPA activates 

downstream signalling pathways through the PDGF receptor (Goppelt-Struebe, 2000), a 

significant mechanism as it represents a point of cross talk between two distinct receptor 
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systems. It is thought that this interaction is not specific for PDGFR and LPA and may 

extend to other RTKs, including the EGFR and in a modified manner insulin receptor 

(see Results section). 4) Inhibition of proliferation, which has only been observed for 

some myelocytes where LPA decreases the intracellular concentration of cAMP through 

G; (Tigyi, 1994). Which pathway becomes activated after EDG receptor stimulation is 

probably dependent on the local concentrations and affinities of the various G-proteins 

and their intracellular effectors, which have not been defined to date. 

py subunits also appear to be involved in the activation of tyrosine kinase 

pathways involving the Src-family protein tyrosine kinases (Luttrell, 1996; van Biesen, 

1996) and in activating PI3K (Thomson, 1994; Abrams, 1996). These actions may prove 

to be a critical link in the cross talk between RTK and GPCR signalling pathways. The 

Src-family protein tyrosine kinases are important intracellular mediators of RTK 

signalling and their regulation and localization are important factors in these functions. 

1.4) Src-Family Protein Tyrosine Kinases: 

The Src-family protein tyrosine kinases are one group of protein effectors that act 

to transduce signals from the plasma membrane to the downstream signalling machinery 

and are known to be involved in the control of cellular proliferation and differentiation 

(Brown, 1996). Currently, there are nine members of the Src family kinases described: 

Src, Yes, Fyn, Lck, Fgr, Hck, Blk, Lyn, and Yrk. Src, Yes and Fyn are widely expressed, 

while the other six members have a more restricted expression profile, mainly to 

hematopoeitic cells (Brown, 1996). All of the Src family kinases share a characteristic 

modular structure of four domains: a conserved Src homology 3 (SH3) domain of 50 

residues responsible for binding proline-rich sequences within substrate proteins, a 
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conserved Src homology 2 (SH2) domain of 100 amino acids which binds 

phosphotyrosine residues, a highly conserved tyrosine kinase domain of 250 residues, 

comprising the catalytic portion of the protein, and an N-terminal unique domain of 40-

70 amino acids which can be used for the identification of the individual family members 

(Brown, 1996). The amino terminal 40-70 amino acids have been defined as a unique 

region since it differs in all family members, with the exception of the extreme amino 

terminus. This region contains key residues for post-translational modifications, such as 

myristoylation and palmitoylation (Robbins, 1995). This dual fatty acid modification is 

present on most Src-family kinase members and is required for localization to caveolae 

within the plasma membrane (Robbins, 1995). 

1.4.1) Regulation of Src-family Protein Tyrosine Kinases: 

The importance of the regulation of the activity of the Src-family protein tyrosine 

kinases is highlighted by the fact that the prototype family member, Src, was originally 

discovered as the oncogene in the Rous Sarcoma virus (Brown, 1996). Two conserved 

tyrosine residues, Tyr416 in the kinase domain of Src, and Tyr527 in the C-terminal tail 

of Src are essential for the regulation of the Src-family kinases (Brown, 1996). Tyr416 in 

Src is phosphorylated when the kinase is active and is dephosphorylated when it is 

inactive (Brown, 1996). The exact mechanism of this 

phosphorylation/dephosphorylation event and its exact role in the mechanisms of 

activation or deactivation is not known. Differences may exist between the individual 

family members. It is unclear when the phosphorylation of Tyr416 occurs in the 

activation of Src, but it is known that it is required for the kinase to attain its full activity 

(Brown, 1996). Tyr527 in Src is known to be phosphorylated by the C-terminal Src 
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kinase (Csk), leading to inactivation of Src kinase activity (Brown, 1996). 

Phosphotyr527 binds the SH2 domain of the same molecule, causing the protein to fold 

back on itself resulting in a "closed" conformation in which the catalytic pocket of the 

kinase domain is obscured (Brown, 1996). Removal of the phosphate from Tyr527 in Src 

by a cellular phosphatase, such as CD45 in lymphocytes (Rodgers, 1996), causes the 

dissociation of the C-terminus of the protein from the SH2 domain and resumption of its 

catalytically active conformation. This is also known as the "open" conformation, as the 

binding pocket for the kinase's catalytic activity is no longer obscured (Brown, 1996). 

Other mechanisms have been proposed for the activation of the Src-family kinases, such 

as the displacement of the phosphotyr527 from the SH2 domain by a phosphoprotein 

with greater affinity for the Src-SH2 domain or displacement of the folded kinase domain 

by binding of a high affinity proline-rich sequence to the SH3 domain (Brown, 1996). 

The SH3 domain has also been demonstrated to assist in keeping the kinase in its inactive 

conformation (Brown, 1996). The prevalence of alternative activation mechanisms in 

different cellular contexts is currently under investigation. Once activated, the Src-family 

protein tyrosine kinases phosphorylate a host of downstream substrates, propagating the 

extracellular signal from the plasma membrane to the intracellular machinery. 

1.4.2) The Role of the Src-family Protein Tyrosine Kinases in Growth Factor 

Receptor Signal Transduction: 

The Src-family protein tyrosine kinases are involved in the transduction of 

extracellular signals in a number of growth factor pathways. Src, Yes and Fyn are known 

to be activated in response to epidermal growth factor (EGF), platelet-derived growth 

factor (PDGF), colony stimulating factor-1 (CSF-1), and fibroblast growth factor (FGF) 
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stimulation in fibroblasts (Roche, 1995). These kinases were found to be directly 

associated with the PDGF (Twamley-Stein, 1993) and CSF-1 (Courtneidge, 

1993)receptors via their SH2 domains. The importance of the Src-family protein tyrosine 

kinases in the cellular response to PDGF stimulation in fibroblasts was demonstrated by 

Courtneidge et al. (Twamley-Stein, 1993). It was shown that by blocking all three active 

Src-family kinases, Src, Yes, and Fyn, either by antibody injection or by using dominant 

negative mutants in fibroblasts, the entry of these cells into S-phase of the cell cycle was 

blocked (Twamley-Stein, 1993). 

The Src-family protein tyrosine kinases are important for differentiation of certain 

cell types, such as oligodendrocytes (Osterhout, 1999). In addition to growth factor 

signalling, the Src-family protein tyrosine kinases are imperative for other functions 

within the cell, propagating signals from a variety of stimuli. 

1.5) Membrane Microdomains: 

Specificity of the signalling pathways outlined above can be achieved by various 

means, one of which is the localization of the receptors and mediators of such pathways 

to specific membrane microdomains. The plasma membrane of the cell is not a randomly 

heterogeneous layer of lipids, proteins, and glycoproteins as first postulated in the fluid 

mosaic model (Singer, 1972), but rather it is organized into specific microdomains 

(Simons, 1997). Lipid rafts (or DIGs-detergent-insoluble glycolipid enriched 

membranes; GEMs-glycolipid-enriched membranes; and TIFFs-Triton-insoluble floating 

fraction) can be isolated from the rest of the plasma membrane based on two biochemical 

and biophysical properties: detergent insolubility and low buoyancy (Simons, 1997). 

Lipid rafts contain high concentrations of sphingolipids and glycosphingolipids, which 
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differ from the majority of other biological phospholipids in that the acyl chains are 

mainly saturated (London, 2000). This acyl chain saturation results in a straight 

structure, which allows the sphingolipids to pack more tightly together in the membrane 

(London, 2000). This ability to pack tightly together likely leads to the initial phase 

separation within the membrane. Lipid rafts are also enriched in cholesterol, which has 

been demonstrated to have significant biophysical effects on phase behaviour and may 

further account for the formation of distinct rafts within the membrane (London, 2000). 

The close packing of the sphingolipids further aided by cholesterol insertion and the 

formation of extensive hydrogen bonded networks, is thought to be responsible for the 

detergent-insolubility of the microdomains at low temperatures. This insolubililty is due 

to the fact that the lipid-lipid interactions are stronger than lipid-detergent interactions 

which makes lipid rafts resistant to solubilization by the non-ionic detergent Triton X-100 

at low temperature (London, 2000; Rietveld, 1998). 

The category of molecular microdomains has been further subdivided with the 

identification of a subtype of lipid rafts with a unique structure, structural proteins, and 

potentially function. These membrane microdomains are known as caveolae, and were 

first described in 1953 by Palade as invaginations of the membrane, which he called 

plasmalemmal vesicles (Palade, 1953). These flask-shaped invaginations were shown to 

be distinct from clathrin-coated pits by both their size and lack of the clathrin coat 

(Anderson, 1993). As an area of intensive research, much information about the structure 

and proteins associated with caveolae has been revealed, and many proposed functions 

have been put forth for these structures. 
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1.5.1) Caveolae-Molecular Composition; 

Caveolae are flask-shaped invaginations of the plasma membrane 50-100 nm in 

size (Scherer, 1996). These domains are enriched in glycosphingolipids and cholesterol 

and are classically defined by the presence of the resident structural protein caveolin 

(Scherer, 1996). Because of their unique lipid composition, caveolae and other lipid rafts 

can be biochemically purified based on their insolubility in the detergent Triton X-100 as 

well as their low buoyant density on sucrose gradients (Simons, 1997). Not all cell types 

express caveolin proteins, most notably those cells of hematopoeitic origin (Robbins, 

1995). These cells do have lipid rafts, which are similar to caveolae in other cell types, 

except that they lack any known form of caveolin proteins (Robbins, 1995). It seems that 

the only observable difference in purified microdomain structure is the presence or 

absence of the caveolin family of proteins. A comparative study using electron 

microscopy may bring to light a physical difference between caveolae and lipid rafts, as 

caveolae have a characteristic flask-shaped appearance, whereas lipid rafts have been 

proposed to follow the general shape of the plasma membrane (Simons, 1997). 

Caveolin (now referred to as caveolin 1), also termed VTP21, is known to be a 

member of a family of related proteins, termed caveolin 1,2, and 3 (Scherer, 1997). 

Caveolin 1 has a fairly widespread tissue distribution, being most highly expressed in 

lung epithelia and adipocytes (Anderson, 1998). Two isoforms of caveolin 1 exist (a and 

(3) formed by alternative translation initiation sites. Caveolin l a and P show no 

functional differences at present (Scherer, 1996). Caveolin 1 is a cholesterol binding 

protein and is considered to be responsible for the morphology of caveolae as it 
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oligomerizes and is inserted into the plasma membrane as a hairpin with both N- and C-

termini in the cytosol (see below) (Murata, 1995; Fra, 1995). 

Caveolin 2 also has widespread tissue distribution, but is most prominently found 

in adipocytes, and colocalizes with caveolin 1 in some cell types (Scherer, 1997). 

Distinct patterns of expression have been detected in other cell types such as neuronal 

cells (Davy, 2000). Caveolins 1 and 2 are structurally very similar and contain three 

main regions: a cytosolic N-terminal domain, a membrane-spanning central region, and a 

cytosolic C-terminal domain (Scherer, 1996). The predicted structure from these 

domains is that of a hairpin loop which passes through the plasma membrane and returns 

to the cytoplasm. Caveolin 2 is not hyperphosphorylated as is caveolin 1. 

Caveolin 1 monomers oligomerize into hetero- (with caveolin 2) and homo-

dimers and trimers as they are translated in the cytoplasm (Monier, 1995; Das, 1999). 

These oligomers further associate into higher order complexes and become resistant to 

Triton X-100 solubilization as they traffic through the trans-Golgi network, and associate 

at the plasma membrane (Monier, 1995); Das, 1999). The oligomerization is enhanced by 

binding of caveolin 1 to cholesterol and stabilized by triple palmitoylation on cysteine 

residues in the C-terminal region of the protein (Monier, 1995). This final 

oligomerization and insertion into the plasma membrane is thought to cause the bending 

of the membrane, leading to the formation of the characteristic flask-shaped structure 

(Scherer, 1997). 

The differential assembly of homo- and hetero-oligomers may be responsible for 

the location and function of certain caveolae, as all caveolae may not have equivalent 

functions (Rietveld, 1998). It is unknown whether different proteins or lipids are 
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localized specifically to caveolae containing both caveolin 1 and 2 or to ones containing 

caveolin 1 alone. It is known that caveolin 2 cannot form homo-oligomers, but may add 

a degree of specificity to the localization of proteins within the cell (Rietveld, 1998). In 

Madin-Darby canine kidney (MDCK) cells, caveolin 1 and 2 colocalize in the basolateral 

membrane, while caveolin 2 is largely excluded from the apical membrane (Scheiffele, 

1998). This result suggests that caveolin 1 is a raft organizer that induces the formation 

of raft clusters for apical transport from the Golgi, while the specific morphology and 

functions of caveolae require the presence of both caveolin 1 and 2 (Scheiffele, 1998). 

Caveolin 3 has the most restricted tissue distribution, being present only in 

skeletal muscle and myoblast cell lines (Scherer, 1997). The tertiary structure of caveolin 

3 has not been elucidated to date. 

1.5.2) Caveolae- Function: 

Although the exact function of caveolae has not been established, caveolae appear 

to be involved in a number of cellular processes. These processes include potocytosis 

(Anderson, 1992), endocytosis (Ghitescu, 1986), Simian Virus-40 (SV-40) viral entry 

(Kartenback, 1989), and calcium regulation (Schnitzer, 1995). 

An interesting feature of caveolae and lipid rafts, is the localization of many 

molecules implicated in signal transduction. Receptors such as the G-protein coupled 

receptor for bradykinin, heterotrimeric G-proteins, some receptor tyrosine kinases such as 

EGFR and PDGFR, GPI-linked proteins, and some members of the Src-family protein 

tyrosine kinases are known to be enriched within caveolae (Harder, 1997). The enriched 

distribution of signalling molecules within these small microdomains suggests that 
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caveolae also function as a site for signal transduction within the cell. For a complete 

review of caveolae-localized molecules, see Table 1.1. 

This clustering of certain proteins within membrane microdomains occurs due to 

the presence of specific modifications or properties inherent to the localized molecules. 

Glycosyl phosphotidylinositol (GPI) -linked molecules, such as CD59, are known to be 

enriched in lipid rafts as the lipid tail is able to insert into the tightly packed raft 

membrane structure (London, 2000). It has been shown that CD59 signalling is 

unconditionally dependent on localization to lipid rafts, as signalling by CD59 was 

strongly suppressed in Jurkat cells treated with agents that reduce membrane cholesterol 

(Stulnig, 1997). Transmembrane receptors have also been demonstrated to localize to 

lipid rafts. The transmembrane protease receptor tissue factor (TF) that triggers the 

coagulation cascade on endothelial cell surfaces acquires Triton X-100 insolubility upon 

binding serine protease factor VTJa which leads to downregulation of proteolytic 

activation (Sevinsky, 1996). Other receptor tyrosine kinases, such as the EGF receptor 

and the PDGF receptor also display a restricted localization within caveolae. 

Certain cytoplasmic molecules have also been localized to lipid rafts and caveolae 

depending on cell type, by virtue of post-translational modifications on the protein 

structure. The addition of acyl groups, specifically palmitic and myristic acids, leads to 

the association of molecules to lipid rafts (Robbins, 1995). These lipid tails are also 

thought to be able to penetrate the tightly packed order of the lipids within the rafts 

(London, 2000). For example, the members of the Src-family protein tyrosine kinases 

have myristic acid modifications to their N-terminus, which localizes them to general 

membrane structures. Further addition of a palmitic acid to the N-terminus of all of the 
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Table 1.1: Molecules Enriched Within Caveolae. (Adapted from Anderson, 1998). 
Name of Molecule  
Ganglioside  
Sphingomyelin  
Ceramide  
Diacylglycerol (DAG)  
Cholesterol  
G proteins  
Src, Fyn, Hck, Lck  
E-NOS  
CD-36 
Caveolin  
Folate receptor  
Thyl  
Alkaline phosphatase  
Prion  
GPI proteins  
5'-nucleotidase  
CD-14  
RaplA  
Ras  
PDGF receptor  
Insulin receptor  
Receptor for advanced glycation end product 
(RAGE)  
Cholecystokinin (CCK) receptor  
m2 acetylcholine receptor  
Tissue factor  
P-adrenergic receptor  
Bradykinin receptor  
Endothelin receptor  
PKC  
She  
SOS  
Grb2  
MAPK  
Adenylate cyclase  

iiP. 
PI3K  
Rafi  
Calmodulin  
Phosphoinositides  
Polyphosphoinositide phosphatase  
Engrailed  
Porin  
IP3 receptor  
Calcium ATPase  
Atrial natriuretic peptide  
ET ATPase  
Annexinll  
Myosin  
Flotillin  
Actin 
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Src-family kinase members except Src itself targets these proteins to lipid rafts and 

caveolae (Robbins, 1995). The differential localization of these proteins to either lipid 

rafts or caveolae is thought to be based on the presence or absence of caveolae structures 

in the particular cell type. It is unknown whether further targeting to one or the other 

structures occurs and what the implications on downstream signalling are. 

Another criterion by which these membrane microdomains can be distinguished is 

signal transduction. After stimulation with a phosphorylation-inducing agonist, such as 

insulin, cells, which contain caveolin proteins within isolated microdomains, may display 

phosphorylation on the caveolin 1 protein. This result is exemplified by 3T3-L1 

adipocytes in response to insulin treatment (see Results and Mastick, 1997). On the other 

hand, Lan-1 neuroblastoma cells which express caveolin proteins, do not show tyrosine 

phosphorylation of caveolin 1 upon fibroblast growth factor (FGF) treatment (Davy, 

2000). In this thesis, true caveolae will be defined by the presence of caveolin proteins 

within isolated microdomains that become phosphorylated upon stimulation. Signalling 

in cells in which caveolin proteins exist but are not phosphorylated are classified as 

occurring in a subtype of lipid raft independent of caveolae. 

1.5.3) Caveolae as a Site for Signal Transduction: 

There are at least four proposed mechanisms by which caveolae could serve as a 

site for signal integration, three as positive regulators of signalling, and one as a negative 

regulator (see Figure 1.4): 

1) The receptor can reside in and remain within the caveolae upon ligand binding. This 

mechanism is exemplified by the G-protein coupled receptor for bradykinin where the 

serpentine receptor is found within the caveolae fraction prior to and after binding of 
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Figure 1.4: Four proposed mechanisms by which caveolae could serve as a site for 

signal integration. Mechanisms 1,2, and 3 represent three separate ways caveolae could 

serve as a positive regulator of signal transduction. Mechanism 4 represents one way that 

caveolae could serve as a negative regulator of signal transduction. 

'/ 
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its cognate ligand (Feron, 1998). Many GPCRs have been shown to be localized into 

microdomains such as caveolae where they can couple to their downstream effectors 

associated with these regions (Feron, 1998). Evidence has shown that the insulin 

receptor also resides within the caveolae (Gustavsson, 1999; Wu, 1997; Goldberg, 1987; 

Smith, 1998). 

2) The second proposed mechanism postulates that the receptor resides outside of the 

caveolae until binding its ligand, whereupon it translocates to the caveolae. An 

example of this mechanism occurs when the B lymphocyte surface receptor CD20 

undergoes rapid translocation to low density membrane microdomains upon cell 

surface binding of antibody (Deans, 1998). This result was the first demonstration of 

a redistribution of a cell surface receptor into membrane microdomains in B 

lymphocytes. 

3) The third mechanism postulates that the receptor resides and remains outside of the 

caveolae upon binding of its ligand and signals to the transduction machinery located 

in the caveolae occurs via a messenger system, which could be protein-, lipid-, or 

phosphorylation-mediated. 

4) It has also been proposed that caveolae function as negative regulators of signal 

transduction by two separate mechanisms. One group has proposed that caveolin 

proteins function to bind to signalling molecules through a putative scaffolding-

suppression domain, and to hold them in an inactive confirmation (Couet, 1997; Li, 

1996). This scaffolding domain is the same region of the caveolin proteins involved 

in the formation of homo- and hetero-oligomers in the plasma membrane (see Figure 

1.5) (Li, 1996). Thus, caveolins and caveolae are proposed to serve as negative 
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Figure 1.5: Schematic diagram of the caveolin oligomerization and scaffolding-

suppression domains. The oligomerization domain of caveolin 1 is between amino 

acids 71 and 101. The scaffolding-suppression domain stretches from amino acid 82 to 

amino acid 101. Thus, these two domains almost completely overlap. 
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regulators of signal transduction by suppressing the activity of localized signalling 

molecules. Furthermore, enzymes such as the tyrosine phosphatase CD45, instrumental 

in the activation of Src-family kinases, are excluded from the membrane microdomains. 

Some members of the Src-family protein tyrosine kinases, for example Lck, undergo 

reversible palmitoylation and have been shown to partition to lipid rafts when a palmitic 

acid group is attached to the protein. A myristic acid group is stably associated with Lck 

(Wolven, 1997). The existence of two segregated pools of Lck and its differential 

association with downstream mediators and regulators of signalling can lead to 

differences in overall cellular phenotype. Lck kinase activity is critical for T cell 

development and activation, and has been shown to only associate with and be activated 

by the phosphatase CD45 when not clustered within lipid rafts (Rodgers, 1996). Thus, 

caveolae would serve as negative regulators of signalling by sequestering signalling 

molecules away from their activators or in an inactive conformation. 

1.5.4) Compartmentalized Insulin Signalling: 

As shown by the variety of effectors and physiological consequences, the cellular 

response to insulin stimulation is highly complex and as such requires a high level of 

regulation. One potential method of maintaining such strict control of signalling is 

through restricted protein localization to specific regions within the cell. In these 

instances, effector proteins are only in a position to interact with other closely localized 

molecules, increasing the efficiency of transduction and reducing the amount of aberrant 

interactions that may occur. Caveolae are one such subcellular locale that may be 

involved in modulating the insulin response in cells. Many of the molecules involved in 

the insulin signalling cascade including the insulin receptor itself, have been putatively 
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localized to caveolae (see Table 1 for a complete list of signalling molecules localized to 

caveolae). Apart from the insulin receptor (Gustavsson, 1999; Wu, 1997; Goldberg, 

1987; Smith, 1988), these include: IRS1 (Smith, 1998), Syp (Smith, 1998), GLUT4 

(Gustavsson, 1996), She (Smith, 1998; Liu, 1996), Grb2 (Smith, 1998; Mineo, 1996), 

SOS (Smith, 1998; Mineo, 1996) PI3K (Gustavsson, 1999), Fyn (Robbins, 1995; 

Mastick, 1998), MAPK (Smith, 1998; Liu, 1996) and Ras/Raf (Mineo, 1996; Li, 1996; 

Song, 1996). 

1.61 Model System: 3T3-L1 Cells: 

One well-established system for investigating the molecular mechanisms of 

insulin signalling is the murine fibroblast cell line 3T3-L1. This cell line, isolated by 

Green and Kehinde, has the unique property of spontaneous differentiation into 

adipocytes (Green, 1974). Since its isolation, differentiation medium containing serum, 

insulin, isobutylmethylxanthine (IBMX), and dexamethasone has been used to effect a 

more rapid and consistent conversion of fibroblasts to adipocytes (Student, 1980). These 

changes can be readily observed as the cells accumulate small fat droplets which appear 

initially in the perinuclear area and then fuse to form larger fat droplets. The early state 

of differentiation in which small fat droplets are seen has been found to be functionally 

equivalent to brown fat cells in vivo; when large fat droplets are present, the cells are 

functionally equivalent to white fat cells in vivo (Green, 1976). Brown fat is a 

metabolically active tissue that processes triglycerides as a source of energy (Green, 

1976). White fat is a further differentiated form of brown fat that has lost most of its 

metabolic activity and merely serves as a triglyceride storage site (Green, 1976). 3T3-L1 

cells have been widely used as a model system for studying insulin signalling because of 
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their similarity to white fat, a highly insulin-responsive tissue. Upon insulin treatment, 

3T3-L1 adipocytes have been shown to import and process glucose into triglyceride in 

the same manner seen in fat tissue (Green, 1976). It has also been shown that 

undifferentiated 3T3-L1 fibroblasts do not respond to insulin treatment in this manner 

(Green, 1975). 

1.6.1) Changes in 3T3-L1 Cells Over the Course of Differentiation: 

Adipogenesis in 3T3-L1 cells is measured by lipid accumulation, a change in cell 

morphology, and induction of several adipocyte-specific marker proteins. These specific 

marker proteins include ACRP30, a secretory protein (MacDougald, 1995); fatty acyl co-

A synthase (FACS), an enzyme involved in lipid synthesis (MacDougald, 1995); GLUT4, 

the glucose transporter (MacDougald, 1995); the adipocyte marker protein 422/aP2 

(MacDougald, 1995); the metabolic enzyme steroyl-CoA desaturase 1(SCD1) 

(MacDougald, 1995); Rab3D, a small GTP binding protein; sortillin, a molecule within 

the secretory pathway (Morris, 1998) and adipsin, a secretory protein (Engelman, 1997). 

Several proteins involved in signalling pathways are also upregulated during 

adipogenesis, such as Akt2/PKB (Summers, 1999), pi 10p of PI3K (Asano, 2000), insulin 

receptor (MacDougald, 1995), ^-adrenergic receptors (MacDougald, 1995), 

glucocorticoid receptor (MacDougald, 1995), IRS1 (MacDougald, 1995), G proteins 

(MacDougald, 1995), Na+/K+ ATPase a2 subunits (Imagawa, 1999), hypoxia-inducible 

factor a (HIF-la) (Imagawa, 1999), heat shock protein 105 (HSP105) (Imagawa, 1999), 

oncostatin M-specific receptor (3 subunit (Imagawa, 1999), protein phosphatase 2A 

(PP2A)(Imagawa, 1999), regulators of G protein signalling 2 (RGS2) (Imagawa, 1999), 

and Rho (Imagawa, 1999). Many other genes are also induced during the process of 
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differentiation including: N-acetylglucosamine galactosyltransferase, antioxidant protein 

2, UDP-glucose dehydrogenase, and xanthine dehydrogenase, which are all important in 

the metabolic functions of adipocytes (Imagawa, 1999). 

The sequence of events that leads to the accumulation of triglycerides and the 

induction of adipocyte-specific markers includes the transient activation of key proteins. 

These factors and their temporal regulation are illustrated in Figure 1.6. In cell culture, as 

preadipocytes arrest at the G0/G1 cell cycle boundary, they begin to express early 

markers of adipocyte differentiation, such as the metabolic enzyme lipoprotein lipase 

(Dani, 1990), and the a2 chain of collagen type VI (Dani, 1990). Based on two 

dimensional gels of cell extracts before, during, and after adipose conversion, it has been 

estimated that the expression of more than 100 proteins is altered within 5 hours of the 

initiation of differentiation and that at least 200 additional proteins are differentially 

expressed by the time the cells achieve terminal differentiation (Sadowski, 1992). 

Induction of these early markers is most likely mediated through autocrine/paracrine 

mechanisms activated by cell-cell contact (MacDougald, 1995). 

Preadipocyte factor 1 (Pref 1) is a cell surface protein that appears to play a role in 

mamtaining 3T3-L1 fibroblasts in the undifferentiated state, as its expression is repressed 

when the cells are induced to differentiate (Smas, 1993; Smas, 1994). It is a highly 

glycosylated transmembrane protein, which possesses 6 tandem EGF-like repeats (Smas, 

1993, Smas, 1994). These EGF-like repeats have been shown to be involved in cell-cell 

communication in determining cell fate (such as in Notch signalling in Drosophila), or 

may be cleaved by a protease to release the EGF-like domain for autocrine/paracrine 

functions (Smas, 1993; Smas, 1994). 
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Following cell-cell interaction and growth arrest at confluence, preadipocytes 

must receive the appropriate combination of mitogenic and adipogenic signals to proceed 

through the required mitotic clonal expansion and subsequent differentiation. DNA 

replication and the accompanying changes in chromatin structure increase the 

accessibility of transcription factors, which affect the transcription of the genes that give 

rise to the adipocyte phenotype. 

The CCAAT/enhancer-binding protein (C/EBP) family of transcription factors 

participates in all stages of the differentiation program. In particular, induction of 

C/EBP P and C/EBP5 is observed early (within 4 to 6 hours of induction) in the 

differentiation process (Engelman, 1997). The standard differentiation protocol for 3T3-

Ll cells, which includes insulin, IBMX, and dexamethasone affects this family of 

transcription factors. IBMX governs the induction of C/EBPP, and dexamethasone is 

responsible for the induction of C/EBP8 in 3T3-L1 cells (Cao, 1991). C/EBPoc, known as 

the master regulator of adipocyte differentiation, is induced later (18 to 24 hours after the 

induction of differentiation) and its expression is necessary and sufficient for adipocyte 

differentiation (MacDougald, 1995). C/EBPa is also involved in the maintenance of 

adipocytes in the terminally differentiated state (defined as the inability of the cells to 

undergo mitosis or dedifferentiation) (MacDougald, 1995). Thus, two general functions 

have been assigned to C/EBPa: 1) blocking mitosis (Umek, 1991), and 2) transactivation 

of a number of adipocyte-specific genes (MacDougald, 1995). 

Calpain, a calcium activated protease, is also involved in the induction of the 

C/EBP family of transcription factors (Patel, 1999). C/EBPa functions as a pleiotropic 

transcriptional activator of numerous adipocyte-specific genes (MacDougald, 1995), by 
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binding to C/EBP regulatory elements in the promoters of these genes. It has been shown 

that the C/EBPa promoter itself contains such a regulatory element that mediates 

transactivation by other members of the C/EBP family, notably C/EBPp, which is 

expressed before C/EBPa in the differentiation program (Christy, 1991; Cao, 1991; Lin, 

1994). Calpain functions downstream of cAMP to modify C/EBP(3 so that it can bind 

and activate the transcription of C/EBPa (Patel, 1999). It has recently been shown that 

the retinoblastoma (Rb) protein can bind and sequester C/EBP P and thereby cause a loss 

of function (Chen, 1996). It remains to be determined whether calpain is responsible for 

cleaving Rb and relieving the repression of C/EBPP so that the differentiation process 

can continue. 

In addition, the constitutive expression of another protein, peroxisome 

proliferator-activated receptor (PPARy), promotes conversion of NIH-3T3 cells into 

adipocytes in the presence of the appropriate activating ligand (Tontonez, 1994; Forman, 

1995). It is believed that C/EBPp activation early in 3T3-L1 differentiation is directly 

responsible for the transcriptional activation of PPARy (Wu, 1995; Zhu, 1995). PPARy 

activates many adipocyte-specific genes through peroxisome proliferator response 

elements (PPREs), including the 422/aP2 gene and phosphoenolpyruvate carboxykinase 

(PEPCK) gene, which codes for a protein essential for gluconeogenesis and 

glycogeneogenesis (Imagawa, 1999). C/EBP and PPAR transcription factors also 

transactivate each other's expression, enforcing the maintenance of the fully 

differentiated state long after the inducers of differentiation have disappeared (Tontonez, 

1994). 
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There is evidence that p38 MAPK is involved in promoting the differentiation of 

3T3-L1 fibroblasts into adipocytes (Engelman, 1998). In fibroblasts and developing 

adipocytes, p38 is active, and its activity decreases during later stages of differentiation 

(Engelman, 1998). Treatment with specific p38 inhibitors in the fibroblast stage is 

sufficient to prevent conversion to the adipocyte phenotype. The C/EBP family of 

transcription factors contains a consensus site for p38 phosphorylation and is a substrate 

of p38 in vitro, and it is thought that the inhibition of p38 prevents the phosphorylation 

and activation of the C/EBP transcription factors, thus preventing differentiation 

(Engelman, 1998). It has also been shown that overexpression of constitutively active 

Ras induces the differentiation of 3T3-L1 fibroblasts into adipocytes (Porras, 1996). 

High concentrations (20-100 nM) of insulin induces differentiation through the insulin

like growth factor receptor (IGFR), as fibroblasts possess large numbers of IGFRs, but 

few insulin receptors (Smith, 1988). This activation of the IGFR, in concert with growth 

factors present in the serum, is what is though to stimulate the p38 pathway in 

differentiation of 3T3-L1 cells. The general mechanism of adipocyte differentiation is 

shown in Figure 1.6. 

1 J) General Hypothesis: 

This thesis investigates compartmentalized insulin signalling over the course of 

differentiation of 3T3-L1 cells. It is hypothesized that insulin signals through caveolae 

only in differentiated 3T3-L1 cells and that this signalling occurs in part, via Src-family 

protein tyrosine kinases. This signalling process will be explored using the following 

specific aims: 
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Figure 1.6: The Mechanism of Differentiation of 3T3-L1 Fibroblasts. Murine 3T3-

Ll fibroblasts can be induced to differentiate into adipocytes by incubation in DMEM 

containing 10% CCS, insulin, IBMX, and dexamethasone. The actions of these 

chemicals are to induce the activity of two main families of transcription factors, PPAR 

and C/EBP, known as the master regulators. Insulin accomplishes this through the 

activation of p38 MAPK. IBMX, a cAMP phosphodiesterase inhibitor, increases the 

intracellular concentration of cAMP, which, like dexamethasone, a corticosteroid, 

activates the two families of transcription factors by an unknown mechanism. The 

transcription of adipocyte-specific genes is the end result. (Modified from MacDougald, 

1995). The temporal regulation of specific genes is shown in the upper panel. The 

mechanism of activation of the master regulator transcription factors is shown in the 

lower panel. 



Optimization and preliminary characterization of 3T3-L1 cell 

differentiation. 

Identification of the presence of caveolae over the course of 3T3-L1 

differentiation. 

Characterization of protein content of caveolae over the course of 3T3-L1 

differentiation. 

Investigation of a caveolae-specific insulin signalling response. 
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2) MATERIALS AND METHODS: 

2.U Cell Culture:3T3-Ll Murine Fibroblasts: 

All n values referred to in the results are the number of repetitions that reflect a 

consistent outcome. 3T3-L1 fibroblasts (a gift from the laboratory of Dr. Karl Riabowol) 

were cultured in a humidified atmosphere of 5% CO2 in Dulbecco's Modified Eagle 

Medium (DMEM) (Gibco) containing 10% Cosmic Calf Serum (CCS) (Hyclone Catalog 

#SH30087.03) and 1% of each penicillin (10000 units/ml) and streptomycin (10000 

(ig/ml) (Gibco) (complete medium). Cells were passaged by treating with Trypsin-

EDTA (0.05% trypsin (1:250 U/ml) and 0.5mM EDTA-Gibco), diluting the stock 1:10 

approximately every 3 days, ensuring that the cells never reached confluence. The cells 

were cultured in complete medium until differentiation was initiated (see below for 

optimized differentiation protocol). New vials of 3T3-L1 cells were thawed from -80°C 

every three weeks to form new stocks. 

Frozen stocks were prepared from each cell line by resuspending pelleted cells in 

freezing medium (90% FCS, 10% DMSO-Gibco) and aliquoting 1 ml of cell suspension 

(approximately 7x10 cells) into each cryovial. The vials were immediately placed at -

80°C until frozen solid. Half of the frozen stocks of each cell line were then transferred 

into liquid nitrogen for long-term storage. 

2.1.1) Differentiation Protocol: 

The protocol outlined here has been optimized for ideal 3T3-L1 cell conversion 

into the adipocyte phenotype. The steps taken to optimize this protocol will be described 

in the Results chapter. 3T3-L1 fibroblasts were maintained in complete medium until 

confluence was reached (1 day confluent). The medium was then replaced with fresh 
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complete medium and the cells were maintained at confluence for another 4 days (4 days 

confluent). The complete medium was then aspirated off, the cells washed once in sterile 

PBS (0.21g KH2P04, 0.726g Na2HP04, 9.0g NaCl in 1L, pH 7.4), and re-fed with 

differentiation medium, composed of complete medium containing 17 nM insulin 

(Sigma), 0.5 mM 3-isobutyl-l-methylxanthine (IBMX), and 1 mM dexamethasone 

(Sabex). The cells were incubated at 37°C in differentiation medium for 5 days, after 

which the differentiation medium was removed and replaced with complete medium 

containing 17 nM insulin (insulin medium). The cells were cultured for a further 7-9 

days, replacing the medium with fresh insulin medium every 4 days. Once the cells were 

placed on insulin medium, the accumulation of fat droplets within the cytoplasm can be 

easily visualized (adipocytes). Cells were harvested at the 1 day confluent, 4 days 

confluent, and differentiated (day 17) states. 

2.2) Oil Red O Staining: 

Tissue culture plates of 3T3-L1 cells were stained with Oil Red O dye to visualize 

the accumulation of fat droplets in the cytoplasm of the cells as an indication of their 

differentiation to adipocytes. Oil Red O is taken up into the fat droplets of the cell. 

Differentiated and undifferentiated 3T3-L1 cells were washed once in PBS and fixed for 

two minutes in 3.7% formaldehyde in PBS. A 0.5% Oil Red O solution in PBS (Sigma) 

was diluted in 1.5 volumes of ddH20, filtered through a 0.45|im filter (Nalgene) and 

added to the fixed cell monolayer for one hour at 37°C. Cells were then washed twice in 

PBS and photographed using Kodak Gold 100 colour film (Liao and Lane, 1995). 

2.3) Construction of Hck Mutant Cell Lines: 
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These cell lines were constructed in a 3T3-L1 background to assess the effect of 

various mutant Src-family protein tyrosine kinases on the differentiation process. 

3T3-L1 cells were cultured to 90% confluence in a 6-well tissue culture dish (Nunclon) 

after which the complete medium was removed and replaced with polybrene medium 

(DMEM including 8 |ig/ml polybrene, Sigma). Retrovirus containing the mutant Hck 

constructs (courtesy of Dr. Steve Robbins) was added directly to the polybrene medium 

and incubated overnight at 37°C and 5% CO2 in humidity. The retroviral constructs used 

were: LNCX vector control, wild type Hck, constitutively active Hck (*Hck), and 

dominant negative Hck (DN Hck) (see Results section for diagrammatic representation of 

these constructs). The polybrene medium containing the retrovirus was aspirated off and 

replaced with complete medium and incubated for a further 24 hours at 37°C, 5% CO2 

and humidity. The individual wells within the 6-well dish were then expanded to two 

100mm tissue culture dishes (Nunclon) each by the addition of Trypsin-EDTA (Gibco) to 

the cells and transferring the cell suspension to each of the plates equally. These plates 

were placed under drug selection to select for the cells into which the retrovirus had 

incorporated. The plates were fed with complete medium containing 600 (ig/ml G418 

(Calbiochem) and left for 7 days so resistant colonies could form. One colony-containing 

plate was split 1:5 to create stocks of pooled, expressing cells. These plates were frozen 

in freezing medium and stored at -80°C. The other colony-containing plate was used to 

select specific Hck-expressing clones. Cloning cylinders were placed around individual 

colonies on the plate, and the cells within were trypsinized and transferred to one well of 

a 6-well tissue culture dish. Approximately 5 different colonies were selected from each 

plate. The clones within the 6-well dishes were maintained under selection medium and 
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were expanded into 100 mm tissue culture dishes (Nunclon). The expression levels of 

the Hck constructs within the cells were measured in total lysates by lysing the cells 

directly on the plates with 500ul of warm 2x SDS sample buffer (SB), separating the 

proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blotting using a Hck monoclonal antibody (Transduction Labs 

Catalog#H28520). The clones with the highest Hck expression level per one plate of 

cells were induced to differentiate by the above protocol and the extent and timing of the 

conversion to the adipocyte phenotype was documented by digital phase-contrast images. 

Two individual clones of each construct were used in all the experiments. 

2.4) Treatment of 3T3-L1 Adipocytes with Cholesterol Sequestering Agents: 

Differentiated 3T3-L1 adipocytes were treated with various cholesterol depleting 

agents to assess the role of caveolae structures in insulin and insulin+LPA signalling. 

The insulin medium that the adipocytes were incubated in was aspirated off and the cells 

were washed once in DMEM containing no serum (serum-free medium). Individual 

plates of cells were then incubated in serum-free medium containing one of 75|ig/ml 

nystatin (in serum-free medium), 1.67 |ig/ml filipin (in serum-free medium), or 1% (3-

methylcyclodextrin (W/V in serum-free medium). All plates were incubated for the 

following times at 37°C and 5% CO2 in humidified conditions: nystatin one hour, filipin 

10 minutes, and P-methylcyclodextrin 30 minutes. The cells were then stimulated with 

either insulin alone (10 nM) or insulin (10 nM)+LPA (100 nM) by adding the appropriate 

growth factor to each plate, agitating to ensure thorough mixing, incubating at 37°C for 

five minutes and harvesting the cells according to the procedure outlined below. 

2.5) Starvation and Stimulation: 
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Cells were starved prior to stimulation in order to reduce the basal tyrosine 

phosphorylation to a minimum and to remove as much of the growth factors present in 

serum as possible, so that the tyrosine phosphorylation seen after stimulation was due for 

the most part, to the addition of exogenous growth factor. The cells that were not 

stimulated prior to lysis and harvesting were maintained in the medium in which they 

were cultured until their use. 

2.5.1') Starvation: Serum-Containing: 

Differentiated adipocytes and undifferentiated fibroblasts (both 1 and 4 days 

confluent) that were to be stimulated with insulin alone were placed in complete medium 

overnight prior to stimulation. The insulin medium was aspirated from the adipocyte 

plates and the cells were washed once in complete medium to remove as much of the 

residual insulin and fresh complete medium was left on the plates overnight. The 1 day 

and 4 days confluent cells were also washed with complete medium then incubated in 

complete medium overnight. 

2.5.2) Starvation: Low Serum Containing: 

3T3-L1 cells that were to be stimulated with insulin and lysophosphatidic acid 

(LPA, Sigma Catalog #L-7260) in combination were placed in DMEM containing 0.5% 

cosmic calf serum (low serum starvation medium) overnight prior to stimulation. 

Adipocytes only were used for these experiments and the insulin medium in which they 

were cultured was aspirated off and the plates were washed once with low serum 

starvation medium to remove excess insulin and growth factors from the cellular 

environment. The adipocytes were then incubated overnight in low serum starvation 

medium. 
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2.5.3) Stimulations-Serum Containing: 

Insulin (Sigma Catalog #11882, lOmM stock) at various concentrations (see 

Results section for the concentrations used in individual experiments) was added to 

complete medium in a 50 ml tube (Sarstedt) and agitated gently to ensure complete 

mixing. Each experimental condition was prepared in separate tubes just prior to 

stimulation. The complete medium that the cells had been incubated in overnight was 

aspirated off the plates and the insulin-containing medium from each tube was added. 

The plates were incubated for the allotted times in 37°C humidified conditions and 5% 

CO2. The medium was aspirated from the plates at the end of the experimental time 

frame and the cells were lysed in Triton buffer as described below. 

2.5.4) Stimulations-Low Serum Containing: 

Insulin and LPA at various concentrations (concentrations used in individual 

experiments are outlined in the Results section) were added to fresh low serum medium 

in a 50 ml tube and agitated to ensure complete mixing. Each experimental condition 

was prepared in individual tubes immediately prior to stimulation. The low serum 

starvation medium that had been bathing the cells overnight was aspirated off the plates 

and the insulin and LPA-containing medium was added. The plates were incubated for 

the allotted times in 37°C humidified conditions and 5% C02 . After the time of 

stimulation had expired, the insulin and LPA-containing medium was aspirated from the 

plates and the cells were lysed in Triton lysis buffer described below. 
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2.6) Cell Harvesting and Lysis: 

To evaluate the caveolae content within particular cells, the cells were lysed in 

buffer containing the non-ionic detergent Triton X-100 and prepared for protein 

quantification and caveolae isolation. 

After culturing/stimulation, the medium was removed and the cells were washed 

once in PBS containing 1 mM sodium orthovanadate (NasVCv). 750 \il of 1% Triton 

lysis buffer (1% Triton X-100 in MBS, 50mM MES pH 6.5, 300mM NaCl, containing 1 

mM Na3V04,1 mM PMSF, and 1 mM aprotinin and leupeptin) was added directly to the 

tissue culture plates and the cells were scraped off the plate using a rubber scraper and 

transferred to an eppendorf tube. The final volume was approximately 1 ml. The tubes 

were immediately placed on ice and vortexed occasionally to ensure complete lysis. 

2.7) Protein Quantification Assays: 

Protein quantification was performed on both total lysates prior to 

homogenization and sucrose gradient centrifugation and on purified caveolae samples 

after resuspension in 1% Triton X-100 lysis buffer to assess and normalize the amount of 

protein loaded on the sucrose gradients and on the SDS-PAGE gels, respectively. The 

BCA protein quantification kit (Pierce) was used for all protein quantification assays 

according to the supplied protocol. Two ml of working solution was added to a glass tube 

(Baxter) to which 2.5 or 5 |il of each cell lysate sample or 20, 30, 40, or 60 mg BSA 

protein standard solution was added. Each tube was vortexed well and incubated 30 

minutes at 37°C. After incubation, the working solution and sample were transferred to a 
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disposable spectrophotometric cuvette and read at 562 nm in the spectrophotometer. The 

protein standards were graphed to create a standard curve which was used to determine 

the protein content of the samples. 

2.8) Caveolae Purification; 

Sucrose density gradient centrifugation was performed to isolate caveolae from 

the cell-free lysate by virtue of their unique lipid content and buoyant density. After 

protein quantification, cell lysates were homogenized by 20 strokes in a tight fitting 

Dounce homogenizer and 50 \il was removed and placed on ice for preparation of the 

total lysate sample. The total lysate sample was centrifuged at 13000 rpm at 4°C for 15 

minutes after which the supernatant was removed and added to 50ul of 2x SDS sample 

buffer (SB, 10% W/V glycerol, 5% V/V (3-mercaptoethanol, 2.3% W/V SDS, 0.0625M 

Tris-HCl pH 6.8, 0.003% bromphenol blue, 10% V/V BMP). 

The remaining homogenized sample was mixed with 1 ml of an 80% sucrose 

(VWR) solution in 1% Triton lysis buffer (0.8g sucrose in 1ml 1% Triton lysis buffer) to 

attain a final sucrose concentration of 40%. The 40% sucrose sample was transferred to 

the bottom of a Beckman ultracentrifuge tube (Beckman) and overlayed gently with 10 

ml of a 5-30% linear sucrose gradient. The linear sucrose solution was prepared by 

adding 5 ml of a 30% sucrose solution in 1% Triton lysis buffer to one chamber of a 

linear gradient maker (Labconco Autodensi-flow) and 5 ml of a 5% sucrose solution to 

the other chamber of the linear gradient maker. The samples were then centrifuged at 

37000 rpm at 4°C for 17 hours, allowing deceleration without braking. A flocculent, 

dense, opaque white band appears at approximately 10-20% sucrose concentration, which 

is removed (volume of approximately 3 ml) and combined with 8 ml of a lx MBS 
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solution containing lmM sodium orthovanadate and ImM PMSF in a new Beckman 

ultracentrifuge tube. These samples were then centrifuged at 37000 rpm at 4°C for one 

hour to pellet the caveolae fraction. The supernatant was discarded and the isolated 

caveolae pellet was resuspended in 1% Triton lysis buffer (for protein quantification), 2x 

SDS sample buffer (for SDS-PAGE), biotin solution (for biotin labelling), or kinase assay 

buffer (for in vitro kinase assays). 

2.9) Biotin Labelling: 

Purified caveolae were biotin labelled in vitro to visualize the spectrum of 

proteins present in these membrane microdomains over the course of cellular 

differentiation. After the first centrifugation step in the linear gradient protocol, the 

caveolae band was removed and divided equally into two 1.5 ml samples. One of the 

samples was used for in vitro kinase assays (see below). The other 1.5 ml sample was 

transferred to a new Beckman ultracentrifuge tube, diluted in 8 ml of lx MBS solution 

containing 1 mM sodium orthovanadate and ImM PMSF, and centrifuged at 37000 rpm 

at 4°C for one hour. The supernatant was discarded and the resulting caveolae pellet was 

gently overlaid with 150 ui of lOOng/ml Sulfo-NHS-LC-biotin (Pierce) and incubated at 

room temperature for 30 minutes for in vitro labelling. The biotin solution was carefully 

aspirated off and the caveolae pellet was gently washed twice with PBS. The sample was 

then mixed with 100 |il of 2x SDS sample buffer and was loaded onto 10% SDS-PAGE 

gels. 

2.10) In Vitro Kinase Assays: 

In vitro kinase assays on purified caveolae fractions were performed to assess 

localized kinase activity at different stages of 3T3-L1 differentiation. The 1.5 ml 
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caveolae band from the first centrifugation step (see above) was transferred to a new 

Beckman ultracentrifuge tube and diluted in 8 ml of lx MBS solution containing 1 mM 

sodium orthovanadate and 1 mM PMSF and was centrifuged at 37000 rpm at 4°C for one 

hour. The resulting caveolae pellet was resuspended in 50 JLLI kinase assay buffer (KAB, 

50mM Tris (pH 7.4), lOmM MgCl2, lOmM MnCl2 in ddH20). 25 (il of 2x SDS sample 

buffer was added to 25 ul of the KAB resuspended caveolae fraction (-ATP). Five jil of 

KAB containing 0.3mM ATP was added to 25 |il of the resuspended caveolae and 

incubated for 10 minutes at room temperature. The reaction was stopped by adding 25 (il 

of 2x SDS sample buffer (+ATP). The samples were then resolved on 10% SDS-PAGE 

gels. 

2.11) Gel Electrophoresis: 

All protein samples were resolved on reducing polyacrylamide gels (sodium 

dodecyl-sulfate polyacrylamide gel electrophoresis, SDS-PAGE) along with standard 

broad-range molecular weight markers (Bio-Rad) (Laemmli, 1970). The stacking portion 

of the gel was composed of 5% acrylamide/bisacrylamide (29:1 ratio), 0.1% SDS, 

0.5mg/ml ammonium persulfate (APS), and 0.05% (V/V) N, N, N\ N'-

tetramethylethyldiamine (TEMED). The resolving portion of the gel was composed of 

10% acrylamide/bisacrylamide (29:1 ratio), 380 mM Tris pH 8.8,0.1% SDS, 0.5 mg/ml 

APS, and 0.05% (V/V) TEMED. The gels were run on standard electrophoresis 

equipment for 850 Vh overnight at room temperature. The gel running buffer consisted 

of 25mM Tris pH 8.5, 0.2M glycine, 5% (V/V) glycerol, and 0.1% SDS. 

2.12) Coomassie Blue Staining: 
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Coomassie blue staining of the proteins separated by SDS-PAGE was used to 

visualize the protein content of the various caveolae fractions. The polyacrylamide gels 

were washed briefly in ddF^O and agitated for approximately two hours in Coomassie 

stain (0.05% Coomassie brilliant blue R250 (BDH), 50% methanol, 10% acetic acid). 

Following staining, the gel was then destained in destaining solution (30%> methanol, 

10%> acetic acid) for approximately eight hours, changing the solution 4-5 times. The gel 

was then incubated overnight in 5% glycerol and set up to air dry. 

2.13) Electrophoretic Transfer: 

After SDS-PAGE, gels were transferred to nitrocellulose membranes (Schleicher 

and Schuell) in a wet transfer unit at 0.8 A for 2 hours at room temperature. Towbin 

buffer for electrophoretic transfer was used (25mM Tris, 192 mM glycine, 20% methanol 

(V7V), 0.1%) SDS). The membranes were removed from the transfer apparatus and 

allowed to air dry slightly prior to Western blotting. 

2.14) Western Blotting: 

Western blots of nitrocellulose membranes using specific antibodies were used to 

visualize specific proteins within the samples. 

2.14.1) Western Blotting using Bovine Serum Albumin (BSA): 

The nitrocellulose membranes were incubated for 20 minutes at room temperature 

in 5% bovine serum albumin (BSA, Boehringer Mannheim) in high detergent wash 

buffer, Tris-buffered saline-Tween, NP-40 (TBS-TN) (lx TBS, 9.0g Tris-HCl, 5.5g Tris-

base, 80.0g NaCl, 3.8g KC1 in 1L, 0.1% Tween-20 (Sigma) and 0.5% Nonidet P-40 (NP-

40) (Fluka)) to prevent non-specific antibody binding (blocking solution). The blocked 

membranes were then incubated for 1 hour at room temperature in the primary antibody 
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(4G10 antiphosphotyrosine (Dr. Steve Robbins, 1:1000 dilution) made in 5% BSA. The 

membranes were washed in high detergent TBS-TN agitating for approximately 7 

minutes each wash and changing the wash 5 times. The membrane was then incubated 

for 30 minutes at room temperature with goat anti-mouse IgG coupled to horseradish 

peroxidase (anti-mouse-HRP, Amersham, 1:10000 dilution) conjugated secondary 

antibody in 5% BSA blocking solution. The washing steps were then repeated as before. 

Enhanced chemiluminescence (ECL) was used to visualize the antibody binding 

according to the manufacturers supplied protocol (Amersham). The membranes were 

exposed to Kodak X-Omat film at room temperature. 

2.14.2 )̂ WesternBlotting using Skim Milk: 

The nitrocellulose membranes were incubated for 20 minutes at room temperature 

in 5% skim milk (Carnation) in low detergent TBS-TN (lx TBS, 0.1% Tween-20 and 

0.1 % NP-40) to prevent non-specific antibody binding. The blocked membranes were 

then incubated for one hour at room temperature in the primary antibody (anti-caveolin 

polyclonal antibody (Transduction Labs Catalog#C13630, 1:4000 dilution), anti-caveolin 

2 monoclonal antibody (Transduction Labs Catalog#C57820,1:250 dilution), anti-Fyn 

monoclonal antibody (Transduction Labs Catalog#F 19720, 1:250 dilution), anti-Hck 

monoclonal antibody (Transduction Labs Catalog#H28520,1:500 dilution), and anti-

pyruvate kinase polyclonal antibody (Dr. Steve Robbins, 1:1000 dilution) diluted in 5% 

skim milk blocking solution. The membranes were washed in low detergent TBS-TN 

agitating for approximately 7 minutes each wash, with 5 changes of the wash buffer. The 

membrane was incubated for 30 minutes at room temperature with goat anti-mouse-IgG 

coupled to horseradish peroxidase for monoclonal antibodies (anti-mouse-HRP, 
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Amersham, 1:10000 dilution) or goat anti-rabbit-IgG coupled to HRP conjugated 

secondary antibody for polyclonal antibodies (Amersham, 1:10000 dilution) in 5% skim 

milk blocking solution. The washing steps were repeated as before. Enhanced 

chemiluminescence (ECL) was used to visualize the antibody binding according to the 

manufacturers supplied protocol (Amersham). The membranes were exposed to Kodak 

X-Omat film at room temperature. 

2.14.31 WesternBlottine using Street-Avidin-HRP: 

The nitrocellulose membranes were incubated for 20 minutes at room temperature 

in 5% skim milk (Carnation) in high detergent TBS-TN (lx TBS, 0.1% Tween-20 and 

0.5% NP-40) to prevent non-specific antibody binding. The blocked membranes were 

incubated for one hour at room temperature in Strept-Avidin-HRP (SA-HRP, Amersham, 

1:10000 dilution) diluted in 5% BSA blocking solution. The membranes were washed in 

high detergent TBS-TN, for approximately 7 minutes each wash with 8 changes of the 

wash buffer. Enhanced chemiluminescence (ECL) was used to visualize the antibody 

binding according to the manufacturers supplied protocol (Amersham). The membranes 

were exposed to Kodak X-Omat film at room temperature. 

2.151 Digital Photography: 

Cells in culture were photographed using a digital camera linked to Image ProPlus 

software. 

2.16) Electron Microscopy: 

3T3-L1 adipocytes were grown and differentiated on glass coverslips coated with 

polylysine according to the above protocol. Adipocytes were fixed to the coverslips in 

4% glutaraldehyde, treated with 1% osmium tetroxide (Cedar Lane) for 30 minutes in the 
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dark at room temperature, and sequentially dehydrated one hour at a time in increasing 

concentrations of ethanol (30%, 50%, 70%, 95%). The coverslips were covered in 

Quetol 651 (Cedar Lane) and incubated for 2 hours at room temperature. Quetol was 

mixed with hardener (DMP-30, Cedar Lane) and 150 ul of this solution was placed into a 

gelatin capsule. The Quetol on the coverslips was drained off and the gelatin capsule 

containing the hardener mixture was inverted onto the centre of the coverslip. The 

coverslips were incubated for 48 hours in a 65 °C oven. The hardened gelatin capsule 

(cell cap) was snapped off the coverslip, which now had a layer of cells adhered within 

the hardened Quetol. 

The cell caps were mounted in a Reichert-Jung Ultracut E microtome and the 

embedded cells were cut into a keystone pattern. 90nm thick sections were cut with a 

Drukker diamond knife and placed on a 400 mesh regular grid. Each grid contained 2-3 

sections. The grids were dipped in a solution of ddHjO and Kodak Photo-Flo 200 to 

spread the sections out evenly over the grid surface. 

The grids were stained for observation under the electron microscope. A 0.89 

g/ml saturated solution of uranyl acetate was mixed 50/50 with 95% ethanol and carefully 

overlayed over the grids, ensuring no spillage or bubbles and incubated for 30 minutes in 

the dark at room temperature. The grids were washed 4-5 times with ddH20 (Gibco) and 

incubated for 2 minutes in a 3.5xl0"3 g/ml solution of lead citrate containing 5N NaOH at 

room temperature. After rinsing again as above, the grids were air-dried and observed 

under a Hitachi H-7000 electron microscope according to manufacturers protocols and 

photographed with Kodak film. 
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3) RESULTS; 

3.U Optimization of the Differentiation Protocol for 3T3-L1 Cells: 

Prior to differentiation, 3T3-L1 cells have the general appearance of fibroblasts, a 

flat morphology on a tissue culture dish and are contact inhibited when they reach 

confluence. After remaining at confluence for 4 days, the cells are induced to 

differentiate in medium containing insulin, dexamethasone, and DBMX (Student, 1980). 

The differentiation medium is left on the cells for 5 days, during which the cells undergo 

a morphological change, accumulating fat droplets within their cytoplasm (Student, 

1980). Fat droplets first become visible as small individual circles surrounding the 

nucleus (3 to 4 days after the induction of differentiation), which later coalesce into larger 

droplets that appear to fill the entire cell cytoplasm. This change occurs approximately 7 

days after the removal of the differentiation medium, when the cells are incubated in 

medium containing insulin only (Student, 1980). When induced to differentiate, the cells 

assume a "rounded up" appearance, which is a result of changes in the expression of 

cytoskeletal proteins, such as decreases in the expression of actin and tubulin and a 

switch in the expression of collagen types (MacDougald, 1995). To confirm that the 

3T3-L1 cells were differentiated into adipocytes, morphology as well as accumulation of 

fat droplets was monitored. 

The morphological changes first outlined by Green and Kehinde could be seen 

qualitatively under the culture conditions employed in this study (Green, 1973). As 

shown in Figure 3.1, undifferentiated 3T3-L1 fibroblasts displayed a characteristic 

fibroblast morphology (A), while the differentiated adipocytes were distinguished by 
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Figure 3.1: Differentiation of 3T3-L1 cells from fibroblasts into adipocytes results in 

observable accumulation of fat droplets in the cytoplasm of adipocytes. 

Undifferentiated 3T3-L1 fibroblasts were grown in tissue culture dishes and 

differentiated into adipocytes (see Materials and Methods and Results section 3.1.1). 

Undifferentiated cells had typical fibroblast morphology under phase contrast microscopy 

(lOOx magnification) (A). Once differentiated, the adipocytes accumulated a large 

amount of both small and large fat droplets in the cytoplasm of the individual cells, which 

was readily visible by phase contrast microscopy (lOOx magnification) (B). Both 

undifferentiated fibroblasts and differentiated adipocytes were stained with a 1% solution 

of Oil Red O for one hour at 37°C, and photographed at lOOx magnification with Kodak 

colour film (n=3). The undifferentiated cells showed no red staining in the cytoplasm 

(C), further confirming the lack of observable fat droplets in these cells. The 

differentiated adipocytes, on the other hand, stained very strongly with Oil Red O as seen 

by the large number of both small and large red stained fat droplets in the cytoplasm (D). 

'i 
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many large and small fat droplets that accumulated within their cytoplasm (B). To 

confirm that the droplets present within the cytoplasm of the adipocytes were indeed fat 

and that they were specific for the differentiated state, the cells were stained with the 

lipophilic dye Oil Red O, a stain that is taken up by fat droplets. Cells at the appropriate 

stage of differentiation were fixed in formaldehyde and stained with a 0.5% solution of 

Oil Red O for one hour at 37°C. Panel C of Figure 3.1 shows representative 3T3-L1 

fibroblasts after staining with Oil Red O, where no red droplets can be seen. Panel D, by 

contrast, shows differentiated adipocytes, which stain very heavily with Oil Red O. This 

confirmed that the droplets seen in the differentiated cells are indeed fat droplets, and not 

vesicles or vacuoles, and that the undifferentiated cells did not have any fat droplets. 

This represented a qualitative measure of differentiation as quantification of the fat 

droplets was difficult as fat droplets of varying sizes existed within each individual cell 

and a different profile of fat droplet sizes existed within the different cells on the tissue 

culture dish. 

One of the difficulties in utilizing 3T3-L1 cells as a culture system is the lack of 

consistency in differentiation efficiency from fibroblasts to adipocytes. Many 

differentiation protocols have been employed by various researchers to overcome this 

problem, with differences in the length of time in the various stages of culture (Student, 

1980), concentrations of culturing agents used (Rubin, 1978), and omission of some 

culturing agents entirely (Summers, 1999). In order to achieve some consistency in 

conversion of fibroblasts to adipocytes, the differentiation protocol for our stock of 3T3-

Ll cells was optimized through a series of steps, with accumulation of fat droplets in the 

cytoplasm and morphology changes as the qualitative indicators of successful 
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differentiation (see Figure 3.1). The concentrations of the chemicals in the differentiation 

medium were altered in combination with one another so that each plate represented a 

unique combination of chemicals. Insulin was added at concentrations of 3 nM, 17 nM, 

and 100 nM; IBMX was added at concentrations of 0.1 mM, 0.5 mM, and 1 mM; and 

dexamethasone was added at concentrations of 0.1 mM, 0.5 mM, and 1 mM. The length 

of time in culture for the various steps of differentiation was also varied in concert with 

the concentration changes. Cells were grown to confluence in all cases, and were left at 

confluence in complete medium for 2,4, or 8 days. The various differentiation medium 

combinations outlined above were added to the cells, for 2, 5, or 10 days. The 

differentiation medium was then removed, and the cells were incubated in medium 

containing insulin concentrations of 3 nM, 17 nM, and 100 nM. In all, 243 plates with 

differing conditions were tested. Once in insulin medium, the cells were re-fed every 4 

days. The final protocol which gave the most consistent conversion of cells to the 

adipocyte phenotype was as follows: grow the cells to confluence, leave them at 

confluence for 4 days, incubate the cells in differentiation medium containing 17 nM 

insulin, 0.5 mM IBMX, and 1 mM dexamethasone for 5 days. The differentiation 

medium was then removed, and the cells were incubated in insulin medium containing 17 

nM insulin for a further 9 days, whereupon the cells had acquired large fat droplets within 

their cytoplasm and assumed the typical adipocyte morphology. The other conditions 

tested did not cause the cells to accumulate as many fat droplets as the protocol outlined 

above, and the cells had a morphology intermediate between fibroblasts and adipocytes 

shown in Figure 3.1. These differences in differentiation were qualitatively assessed by 

observation of the cells over the course of their conversion; quantification of the number 
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of fat droplets per microscope field was not attempted as great variation existed in the 

size of the fat droplets themselves as well as the number of droplets per field within a 

single 100 mm culture dish of cells. It is important to note that this protocol was optimal 

for the cells used in the experiments performed for this thesis, and that 3T3-L1 cells 

obtained from other sources may require alterations of this protocol. New stock vials of 

the cells needed to be thawed every 3 weeks, as the cells appeared to lose their ability to 

differentiate when passaged in culture for longer periods. 

3.1.1) The Effect of the Src-family Protein Tyrosine Kinase Hck on Differentiation of 

3T3-L1 Cells: 

The Src-family protein tyrosine kinases have been previously shown to be 

involved in the differentiation of certain cell types, such as oligodendrocytes (Osterhout, 

1999). It was of interest to see whether these non-receptor tyrosine kinases would have 

an effect on the differentiation process of 3T3-L1 cells. The Src-family kinase chosen to 

transfect 3T3-L1 fibroblasts was Hck, a hematopoietic cell-specific member, as it closely 

resembles the endogenous Src-family kinase Fyn. Hck and Fyn are both localized to 

lipid rafts and caveolae, by virtue of fatty acid modifications in their N-termini (Robbins, 

1995). The Hck constructs used were generated by Dr. Steve Robbins and had been 

previously shown to localize to lipid rafts (Robbins, 1995). The cells were transfected 

with empty LNCX vector as a control and with three forms of the p59 Hck allele: wild 

type Hck, activated Hck, and dominant negative Hck. Schematic drawings of these 

alleles are shown in panel A of Figure 3.2. The activated Hck cDNA was constructed by 

mutation in tyrosine to phenylalanine at position 501, the negative regulatory site of the 

kinase. Thus, the kinase is constitutively active as it is forced to remain in the open 



65 

A) 

Unique SH3 SH2 Kinase 

WILD-TYPE Hck 

Y501F 

Unique SH3 SH2 Kinase 

K269E 

ACTIVATED Hck 

Y501F 

Unique SH3 SH2 Kinase 

B) 

DOMINANT NEGATIVE (DN) Hck 

dH
c 

% o -— 
> 35 0 

M o 2 b 
Hi a < a > 

Probe: Anti-Hck mAb 



66 

Figure 3.2: Schematic diagrams of the Hck constructs used to stably transfect 3T3-

Ll cells. Undifferentiated 3T3-L1 cells were stably transfected with vector control and 

three variations of the Src-family protein tyrosine kinase Hck to evaluate the effect of 

these constructs on differentiation (see Materials and Methods). Panel A shows 

schematic diagrams of the three Hck constructs used to transfect undifferentiated 3T3-L1 

cells. The expression level of Hck protein within stably transfected 3T3-L1 fibroblasts 

was assesed in total cell lysates by Western blot with an anti-Hck monoclonal antibody 

(B)(n=2). 

'/ 
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conformation. The kinase-inactive, henceforth referred to in this thesis as dominant 

negative Hck, has the same tyrosine to phenylalanine mutation as the activated Hck 

allele, but has an additional mutation at position 269. The conversion of the lysine to 

aspartic acid mutates the ATP binding site of the kinase, rendering it catalytically 

inactive. 

The vectors containing these alleles were transfected into undifferentiated 3T3-L1 

fibroblasts using retroviruses, and specific clones containing the individual constructs 

were selected for using G418. Panel B of Figure 3.2 shows a Western blot of total cell 

lysates of the transfected fibroblasts. The cell lysates were probed with an anti-Hck 

monoclonal antibody and show equal expression between individual clones expressing 

wild type Hck (Hck), activated Hck (Activated Hck), and dominant negative Hck (DN 

Hck). As expected, no Hck expression was detected in the LNCX empty vector control 

(Vector). Two independent clones of each construct were used for the following 

experiments. 

To document the effect of the various Hck alleles on the differentiation process of 

the transfected 3T3-L1 cells, phase-contrast microscopy photographs were taken at 

various time points over the course of differentiation. Figure 3.3 shows a composite view 

of a representative sample of all of these photographs. The stably transfected cells were 

differentiated according to the optimized protocol outlined above, allowing the cells to 

come to confluence, remain there for four days before incubating in differentiation 

medium for five days, followed by incubation in insulin medium until fat droplets 

accumulated in the cytoplasm of the cells. 
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Figure 3.3: The effect of various alleles of the Src-family kinase Hck on the 

differentiation of 3T3-L1 cells. 3T3-L1 fibroblasts were stably transfected with wild 

type Hck (Hck), constitutively active Hck (Activated Hck), kinase inactive Hck 

(Dominant Negative Hck), and vector control (LNCX) and the effect on the 

differentiation of these cells was monitored by phase contrast microscopy (40x 

magnification) (n=3). 
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The vector control cells (Vector) differentiated into the adipocyte phenotype in 

the normal time frame, as did the cells that were stably transfected with wild type Hck 

(Hck). The fat droplets accumulated in the cytoplasm of both the vector control and wild 

type Hck-containing cells did not coalesce into as many of the large droplets seen 

previously, but some large droplets did form over the normal time course. The cells also 

assumed the "rounded up" adipocyte morphology. No differences were observed in the 

differentiation patterns between the vector control cells and those transfected with wild 

type Hck. 

Cells transfected with the constitutively active Hck allele (Activated Hck) showed 

an accelerated rate of differentiation compared to the vector control cells. They began to 

accumulate fat droplets at day 4, prior to incubation in differentiation medium. 

Accumulation of fat droplets and conversion to the adipocyte morphology reminiscent of 

fully differentiated vector control cells was seen at day 7. This result suggests that the 

cells containing the constitutively active Hck allele do not require differentiation medium 

to convert to the adipocyte phenotype and that the active kinase plays a role in this 

process. Interestingly, these cells grew more slowly than their vector control 

counterparts, requiring 3 more days, on average, to reach confluence (data not shown). 

In concordance with this, the 3T3-L1 cells transfected with dominant negative 

Hck did not differentiate into the adipocyte phenotype, even when left for prolonged 

periods of time (up to 35 days). These cells retained their fibroblast morphology, and 

eventually migrated into clumps of cells on the plates after incubation in differentiation 

medium. No fat droplet accumulation could be seen. The clumps of cells on the plate 

resembled colonies of transformed cells that had lost their contact inhibition. Therefore, 



71 

the Src-family protein tyrosine kinases were important players in 3T3-L1 differentiation 

and may lie downstream of insulin. 

3.2~) Differentiated 3T3-L1 Cells Contain Caveolae Structures: 

The presence of caveolae structures at the plasma membrane has potentially large 

implications for signal transduction on a particular cell. Therefore, the presence or 

absence of caveolae structures at the plasma membrane of 3T3-L1 cells was evaluated 

over the course of differentiation. As caveolae are 50-100 nm in size, electron 

microscopy was used to visualize the plasma membranes of one day confluent, four days 

confluent, and fully differentiated 3T3-L1 cells. The cells were grown on coverslips to 

the appropriate stage of differentiation, fixed, and treated with osmium tetroxide to 

preserve the cellular membranes. The cells were embedded in Quetol 651 resin and 

sectioned. The sections were stained with the heavy metals uranyl acetate and lead 

citrate and observed under the electron microscope. 

Figure 3.4 shows representative electron micrographs of the plasma membranes 

from one day confluent (A, B), four days confluent (C, D), and fully differentiated (E, F) 

cells. No caveolae structures could be seen in the one and four days confluent cells at 

50000x magnification (A, C) or at a high power magnification (70000x) (B, D). This was 

the first demonstration that caveolae structures do not exist in undifferentiated 3T3-L1 

cells. In the differentiated cells, many caveolae structures are visible at 50000x 

magnification. An individual caveola can be seen in panel F at 70000x magnification. 

Bar represents 100 nm. Cells were also observed at day 12, in the middle of their 

differentiation process. Caveolae structures could also be observed at this stage, but they 

were fewer in number than in fully differentiated cells (data not shown). It appears that 
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Figure 3.4: Observation of caveolae structures by electron microscopy at various 

stages of 3T3-L1 differentiation. 3T3-L1 cells were grown on coverslips and processed 

for electron microscopy (see Materials and Methods) at one day confluent (A, B), four 

days confluent (C, D), and fully differentiated (E, F) states. The cells were treated with 

1% osmium tetroxide to preserve the plasma membrane, stained with the heavy metals 

uranium and lead, and photographed at 50000x magnification (A, C, E) or 70000x 

magnification (B, D, F). No caveolae structures could be seen at one day confluent (A, 

B) or four days confluent (C, D), even at high magnification (B, D). After the cells were 

incubated in differentiation medium, caveolae structures were seen at the plasma 

membrane. The plasma membrane of fully differentiated adipocytes contained a large 

amount of caveolae structures (E). An individual caveola of an adipocyte was seen in 

panel F (n=2). 
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caveolae structures only become visible at the plasma membrane after 4 days into the 

differentiation process. Morphologically defined caveolae are present on differentiated 

cells. 

3.2.1) Composition of Triton Insoluble Fractions from Undifferentiated Fibroblasts 

Versus Differentiated Adipocytes: 

Major differences could be observed on the level of gross morphology between 

undifferentiated and differentiated 3T3-L1 cells (Figure 3.1), and caveolae structures 

were only seen in differentiated cells (Figure 3.4). The undifferentiated cells that did not 

have caveolae structures may contain another form of triton insoluble structure that may 

function like caveolae in those cells. The biochemical composition of the triton insoluble 

fractions from one day confluent, four days confluent, and differentiated cells needed to 

be assessed next. 

The cells for this experiment were harvested at one day confluent, four days 

confluent, and fully differentiated (determined by time in culture and gross morphology). 

Triton insoluble fractions were isolated from each of the stages of differentiation and 

subjected to in vitro kinase and biotinylation assays as described in Materials and 

Methods. To further confirm that differentiation correlated with a change in the protein 

composition of triton insoluble fractions, isolated fractions from 1 day confluent (1), 4 

days confluent (4), and differentiated (D) cells were separated by SDS-PAGE and stained 

with Coomassie blue (see Materials and Methods). Representative results are described 

below and in Figure 3.5. 

The purified triton insoluble fractions were biotinylated to observe overall 

changes in protein content of the fractions by a more sensitive, but not specific, means. 
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Figure 3.5: Changes in the molecular composition of caveolae during differentiation 

of 3T3-L1 cells. 3T3-L1 cells at one day confluent (1), four days confluent (4), and fully 

differentiated (D) were lysed in 1% Triton lysis buffer and equal protein amounts were 

subjected to sucrose density gradient centrifugation to isolate the triton insoluble fraction. 

Isolated fractions were either in vitro biotinylated (A) or subjected to an in vitro kinase 

assay, either in the absence (-ATP) or presence (+ATP) of ATP (B) or simply separated 

by SDS-PAGE and stained with Coomassie blue to visualize the protein content of the 

fractions (C). The biotinylated and kinase assay samples were also separated by SDS-

PAGE, and Western blotted with either a Strept-Avidin-HRP anitbody (A) to detect the 

biotinylated proteins or an anti-phosphotyrosine monoclonal antibody (4G10) (B) to 

detect the phosphorylation levels of the kinase assay samples (n=2). 
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In Figure 3.5 A, changes in the overall protein composition of the cells can be 

seen. Upon biotinylation of the cells and Western blotting with Strept-Avidin-HRP, an 

increase in biotin labelling of the triton insoluble fraction from 1 day confluent (1) to 4 

days confluent (4) was seen (Figure 3.5 A). Additionally, a further increase between four 

days confluent and fully differentiated (D) cells can be seen in Panel A. Virtually no 

protein bands can be seen in the one day confluent lane after biotinylation, and as well in 

the Coomassie blue stained protein gel (Figure 3.5 C). The 4 days confluent triton 

insoluble fraction showed biotin and Coomassie stained proteins, ranging in size 

fromapproximately 250 kDa to 40 kDa (Figure 3.5 A and C). No protein bands are seen 

below this size under either experimental condition. The differentiated cells showed 

many protein bands labelled by biotin and stained by Coomassie blue, ranging in size 

from approximately 250 kDa to 12 kDa (Figure 3.5 A and C). Predominant bands are 

seen at 175 kDa, 65 kDa, 47.5 kDa, 43 kDa, 33 kDa, and 25 kDa when the triton 

insoluble fraction was biotinylated (Figure 3.5 A). Fewer bands are seen in the 

Coomassie blue gel, with predominant bands appearing at 55 kDa, 33 kDa, and 12 kDa. 

This indicated that specific proteins associated with the triton insoluble fraction were 

upregulated over the course of 3T3-L1 differentiation. 

In vitro kinase assays were also performed on the cells at the specified stages of 

differentiation, with (+ATP) and without (-ATP) exogenously added ATP. This was 

done to evaluate whether kinase activity was associated with the isolated fractions, as 

these fractions have been proposed to be sites of signalling, and whether it increased over 

the course of cellular differentiation. Western blotting of the samples with an anti-

phosphotyrosine antibody (4G10) was used to monitor kinase activity. The level of 
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tyrosine phosphorylation increased as the cells converted to the adipocyte phenotype, and 

this increase was further augmented by the addition of exogenous ATP (Figure 3.5 B). 

Little basal phosphorylation was seen in 1 day confluent cells (1) without the addition of 

ATP, as only one band appeared at 61 kDa (Figure 3.5 B, -ATP). 4G10 signal was seen 

in the samples treated with ATP to extend from approximately 250 kDa to 35 kDa, with 

major phosphorylated bands at 61 and 60 kDa (Figure 3.5 B, +ATP). An increased level 

of basal tyrosine phosphorylation was seen in the triton insoluble fractions isolated from 

4 days confluent cells, with major bands appearing at 180 kDa, 120 kDa, and 61 kDa 

(Figure 3.5 B, -ATP). Upon the addition of exogenous ATP, the level of tyrosine 

phosphorylation and the profile of tyrosine phosphorylated bands increased dramatically 

(Figure 3.5 B, +ATP). Major tyrosine phosphorylated bands in this case appeared at 61 

kDa, 38kDa, 32 kDa, 31 kDa, and 28 kDa. The basal tyrosine phosphorylation seen in 

the differentiated cells was similar to that seen in the 4 days confluent cells when 

exogenous ATP was added (Figure 3.5 B, compare -and +ATP lanes), with the exception 

of a prominent band at 24 kDa in the triton insoluble fraction from differentiated cells. 

When treated with ATP, the level of tyrosine phosphorylation increased to high levels in 

which individual bands were difficult to discern (Figure 3.5 B +ATP), but prominent 

bands could still be seen at 61 kDa, 32 kDa, 31 kDa, 28 kDa, and 24 kDa. This 

experiment indicated that kinase activity was associated with triton insoluble fractions 

purified from one day confluent, 4 days confluent, and differentiated cells and that this 

kinase activity increased over the course of differentiation, as measured by an increase in 

phosphotyrosine. 
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Since such little protein was observed in the 1 day confluent caveolae fractions, 

even after biotinylation and kinase assays, it was thought that the amount of protein in 

these samples may be lower than the level of detection for these assays, or that no triton 

insoluble fractions could be purified from these cells using the standard purification 

protocol. To address this concern, the amount of protein was quantified before the cell 

lysates were loaded on the gradients and the protein content of the individual isolated 

triton insoluble fractions was assayed and normalized prior to treatment with 

biotin/ATP/loading on SDS-PAGE. Equivalent protein amounts were run on the sucrose 

gradients in this and the previous experiment, and it was interesting to note that an 

equivalent fraction of the total protein content was retrieved from the purified caveolae 

fractions in this experiment (data not shown). Identical results to those shown in Figure 

3.5 were obtained under these conditions (data not shown) indicating that protein was 

purified from triton insoluble fractions in one day confluent cells. However, no specific 

bands were at a level high enough to be detected by either Coomassie blue staining or 

biotin labelling. 

3.2.2) Upregulation of Specific Triton Insoluble Proteins During 3T3-L1 Differentiation: 

It had been determined that gross changes in protein content occurred over the 

course of differentiation (Figure 3.5) and that caveolae structures appeared at the plasma 

membrane as the cells converted to the adipocyte phenotype (Figure 3.4). We wished to 

know which specific proteins were upregulated and localized to the triton insoluble 

fraction as the cells differentiated. The caveolin proteins were chosen as they are 

markers of caveolae structures and it was of interest to see if caveolin expression directly 

paralleled the formation of caveolae. The Src-family protein tyrosine kinase Fyn was 
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Figure 3.6: Upregulation of specific proteins localized to the triton insoluble fraction 

during 3T3-L1 differentiation. 3T3-L1 cells at one day confluent (1), four days 

confluent (4), and differentiated (Diff) were lysed in 1% Triton lysis buffer and equal 

protein amounts were subject to sucrose density gradient centrifugation to isolate the 

triton insoluble fraction (see Materials and Methods). Triton insoluble fractions were 

separated by 10% SDS-PAGE and Western blotted with an anti-Fyn monoclonal 

antibody (A), anti-caveolin 2 monoclonal antibody (B), and an anti caveolin 1 polyclonal 

antibody (C). Increases in the level of all of these proteins were seen as the cells 

differentiated into the adipocyte phenotype. To ensure equal starting materials were 

loaded on the gradients, total cell extracts were separated by 10% SDS-PAGE and 

Western blotted with an anti-pyruvate kinase polyclonal antibody (D) (n=2). 
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also investigated as it is endogenously expressed within these cells and had previously 

been shown to localize to the triton insoluble fraction (Robbins, 1995). In addition, 

kinase activity was associated with these isolated fractions (Figure 3.5) and Src-family 

kinases had been shown to be involved in the differentiation process of the 3T3-L1 cells 

(Figure 3.3). 

Figure 3.6 shows representative Western blots of triton insoluble fractions (A, B, 

C) and total cell lysate (D) from cells at one day confluence (1), four days confluence (4), 

and fully differentiated cells (Diff). Panel A was probed with an anti-Fyn monoclonal 

antibody and shows that Fyn was only present in the triton insoluble fractions of fully 

differentiated adipocytes. Fyn could not be detected at one or four days confluent cells, 

indicating that the kinase activity associated with these fractions is not due to Fyn. 

Panel B was probed with an anti-caveolin 2 monoclonal antibody. Caveolin 2 was only 

found localized to the triton insoluble fraction in differentiated 3T3-L1 cells, as no 

protein could be detected at either one or four days confluence. In an independent 

Western blot, the same fractions were probed with an anti-caveolin polyclonal antibody, 

which detected caveolin l a expression in the triton insoluble fraction of one day 

confluent, four days confluent, and fully differentiated cells (panel C). Caveolin IB was 

only detected in the differentiated cells. The amount of caveolin 1 was slightly increased 

in the differentiated cell fraction compared to their undifferentiated counterparts. The 

expression pattern seen for caveolin 1 was confirmed by Western blotting with an anti-

caveolin 1 monoclonal antibody (data not shown). This indicates that caveolin 2 and 

caveolin lp expression parallel caveolae structure formation, while caveolin l a does not. 
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To ensure that equal protein amounts were loaded on the gradients, the total cell 

lysates from one day confluent, four days confluent, and fully differentiated cells were 

Western blotted with an anti-pyruvate kinase antibody (Figure 3.6 D). Being a key 

metabolic enzyme, pyruvate kinase is present in relatively equal amounts in all cells and 

therefore serves as a loading control. Panel D shows relatively equivalent amounts of 

pyruvate kinase present in the cell lysates of the undifferentiated and differentiated cells, 

a visual indicator of the similarity of protein content in the starting materials loaded on 

the gradients. 

3.3) Insulin Signalling Response in 3T3-L1 Cells over the Course of Differentiation: 

The mechanism of insulin signalling has been extensively studied in differentiated 

3T3-L1 adipocytes. We have proposed that caveolae serve as sites of signal transduction 

for agonists such as insulin in 3T3-L1 cells. It was therefore necessary to document the 

pattern of phosphorylation in total cell lysates that occurred after stimulation with insulin 

in both differentiated and undifferentiated cells as a readout of their response to insulin 

treatment so that it could be compared to that seen in the triton insoluble fractions. 

3T3-L1 cells at one day confluence (A), four days confluence (B), and fully 

differentiated (C) were stimulated with 17 nM insulin in serum-containing medium for 5 

or 15 minutes, lysed in 1% Triton lysis buffer, and combined with 2x sample buffer (total 

cell lysates). Equal protein amounts of lysate were separated by 10% SDS-PAGE and 

Western blotted with an anti-phosphotyrosine monoclonal antibody (4G10) to visualize 

the profile of tyrosine phosphorylated proteins in response to the insulin treatment. 

Representative results are shown in Figure 3.7. A slight increase in total tyrosine 

phosphorylation was seen after 5 minutes of stimulation with 17 nM insulin in one day 



1 Day Confluent 

0 5 15 

B) 4 Day Confluent 

0 5 15 

C) Differentiated 

" * 15 rninlns Stim 

47.5 

32.5 

—25 

— 16.5 

kDa 

Probe: Anti-phosphotyrosine (4G10) mAb 



85 

Figure 3.7: Tyrosine phosphorylation in response to insulin stimulation in 1 day 

confluent, 4 days confluent, and differentiated 3T3-L1 total lysates. 3T3-L1 cells at 

one day conflence, four days confluence, and differentiated were incubated overnight in 

insulin-free medium (containing 10% CCS), stimulated with 17 nM insulin in the same 

medium, and lysed in 1% Triton lysis buffer to obtain total lysates. The samples were 

separated by 10% SDS-PAGE and Western blotted with an anti-phosphotyrosine 

monoclonal antibody (4G10). Insulin stimulated tyrosine phosphorylation was seen to 

occur in one day confluent (A), four days confluent (B), and differentiated (C) cells 

(n=3). 
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confluent cells, which increased further at 15 minutes of stimulation (Figure 3.7 A). 

Prominent phosphotyrosine bands were seen at 120 kDa, 50 kDa, and 28 kDa in all lanes, 

with the appearance of bands at 63 kDa, 62 kDa, 61 kDa, 31 kDa and 30 kDa most 

prominently after 15 minutes of insulin stimulation (Figure 3.7 A). 

Four days confluent cells show a greater response to insulin stimulation, as 

compared to one day confluent cells. However, the induction of tyrosine phosphorylation 

was more rapid and did not appear to increase over the level achieved at 5 minutes of 

insulin stimulation (Figure 3.7 B). Tyrosine phosphorylated protein bands were seen at 

92 kDa and 63 kDa in the unstimulated state (Figure 3.7 B, lane 0). The induction of 

tyrosine phosphorylation was so great that individual bands were difficult to discern in 

the insulin stimulated lanes. It was interesting to note that the pattern of phosphorylated 

proteins was different between the one and four days confluent cells, where no tyrosine 

phosphorylated proteins were seen below 47.5 kDa in the four days confluent cells. Fully 

differentiated cells showed an increase in tyrosine phosphorylation in response to insulin 

treatment. They also had the highest amount of basal tyrosine phosphorylation seen 

(Figure 3.7, compare A, B and C, 0 lanes) at 0 minutes stimulation. This may be due to 

the insulin present in the medium prior to starvation overnight. Increases in tyrosine 

phosphorylation above basal levels were seen after both 5 and 15 minutes of stimulation 

with 17 nM insulin. The levels of phosphorylation were such that individual bands are 

difficult to discern above 47.5 kDa, but prominent phosphotyrosine bands could be seen 

at 38 kDa, 32.5 kDa, and 29 kDa after insulin stimulation (Figure 3.7 C). The pattern of 

tyrosine phosphorylated proteins was again different from both the one day and four days 

confluent cells, showing more tyrosine phosphorylation on proteins below 47.5 kDa in 
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size (Figure 3.7, compare A, B and C). Thus, the patterns of tyrosine phosphorylated 

proteins induced in response to insulin treatment in total cell lysates were different over 

the course of 3T3-L1 differentiation. 

3.3.1) Localized Differences in the Response to Insulin Stimulation over the Course of 

3T3-L1 Differentiation: 

Since caveolae have been proposed in this thesis to function as a localized site of 

signal transduction for the insulin response pathway, the triton insoluble fraction-specific 

tyrosine phosphorylation response to insulin stimulation was assessed in 3T3-L1 cells 

over the course of differentiation through a detailed time course of stimulation. 

Undifferentiated cells were included in this experiment for two reasons, even though they 

did not have caveolae structures (Figure 3.4) 1) a response to insulin stimulation was seen 

in the total cell lysates (Figure 3.7) and 2) as these cells may contain triton insoluble lipid 

rafts that would copurify on the sucrose gradient with caveolae. One day confluent, four 

days confluent, and fully differentiated cells were insulin-deprived overnight in serum-

containing medium and stimulated with 17 nM insulin for the times indicated (0.5, 1,2, 

5,15, 30, and 60 minutes), lysed in 1% Triton lysis buffer and subjected to sucrose 

gradient centrifugation to purify the triton insoluble fractions. The triton insoluble 

fractions from each time point were separated by 10% SDS-PAGE and Western blotted 

with 4G10. A representative result is seen in Figure 3.8. 

One day confluent 3T3-L1 cells did not show any appreciable triton 

insoluble fraction-localized tyrosine phosphorylation in response to insulin stimulation 

(Figure 3.8 A). A single weak band was seen at 58 kDa. This is in direct contrast with 
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Figure 3.8: Triton insoluble fraction-specific tyrosine phosphorylation in response to 

insulin stimulation in 1 day confluent, 4 days confluent, and differentiated 3T3-L1 

cells. Cells at one day confluence, four days confluence, and differentiated were 

incubated overnight in insulin-free medium containing 10% CCS. Stimulations were 

done in the same medium for the time points indicated (0.5, 1, 2, 5, 15, 30, and 60 

minutes) after which the cells were lysed in 1 % Triton lysis buffer. The cell lysates were 

subjected to sucrose density gradient centrifugation to isolate the triton insoluble 

fractions, which were separated by 10% SDS-PAGE and Western blotted with an anti-

phosphotyrosine monoclonal antibody (4G10). No induction of tyrosine phosphorylation 

was seen in the triton insoluble fraction of one day confluent cells (A). Four days 

confluent cells show an equal induction of triton insoluble fraction-specific tyrosine 

phosphorylation over all the time points tested (B). Differentiated 3T3-L1 adipocytes 

also showed an induction of triton insoluble fraction specific tyrosine phosphorylation, 

which changed over the time points tested (C). The maximal level of tyrosine 

phosphorylation was seen at five minutes insulin stimulation in these cells (C) (n=4). 
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the results seen in the total cell extract (compare Figure 3.7 A and Figure 3.8 A), 

suggesting that no triton insoluble fraction localized insulin signalling cascade is engaged 

in undifferentiated cells. 

A triton insoluble fraction-specific insulin response was seen in four day 

confluent cells (Figure 3.8 B). Tyrosine phosphorylation of proteins above 50 kDa was 

induced in the cells treated with 17 nM insulin. The level of tyrosine phosphorylation 

was approximately equal over all the time points tested, with prominent bands appearing 

at 150 kDa, 90 kDa, 85 kDa, and 58 kDa (Figure 3.8 B). This pattern of tyrosine 

phosphorylated proteins is similar to that seen in the total cell lysates in 4 day confluent 

cells (compare Figure 3.7 B and Figure 3.8 B). 

Fully differentiated 3T3-L1 cells showed a large induction of caveolae-localized 

tyrosine phosphorylation in response to insulin stimulation, greater than that seen in total 

lysate (compare Figure 3.7 C and Figure 3.8 C). Maximal tyrosine phosphorylation was 

seen at 5 minutes of stimulation, and decreased incrementally thereafter. 

Phosphotyrosine bands were seen below 50 kDa, at 46 kDa, 33 kDa and 25 kDa after five 

minutes of insulin stimulation. The tyrosine phosphorylated band seen at 25 kDa, 

appeared to correlate with caveolin 1 in an independent Western blot (data not shown). 

Thus, adipocytes respond to insulin by inducing caveolar tyrosine phosphorylation of a 

number of localized substrates, including caveolin 1. Since this effect was only observed 

in fully differentiated cells and we have demonstrated that differentiated cells contain 

caveolae structures (see Figure 3.4), these cells were used for the remainder of the 

experiments. 
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3.3.2) Insulin Showed a Concentration-Dependent Response in Localized Tyrosine 

Phosphorylation in 3T3-L1 Adipocytes: 

Peak physiological concentrations of insulin are approximately 1 nM, whereas 

much of the literature investigating insulin signalling in 3T3-L1 cells stimulates the cells 

at 100 nM, clearly supraphysiological levels. The concentration of agonist at the cell 

surface likely plays a role in the response seen in the cell, particularly on receptors that 

show restricted subcellular localization to membrane microdomains such as caveolae. It 

was imperative to assess the profile of localized insulin-induced phosphoproteins over a 

concentration range of insulin. Differentiated 3T3-L1 cells were incubated overnight in 

serum-containing medium and stimulated over a range of insulin concentrations in 

serum-containing medium. The concentrations of insulin used were 3, 10, 30, and 100 

nM, which range from approximately physiological levels to those used in the literature. 

The cells were stimulated for 5 minutes, as it was previously determined to be the point 

of maximal tyrosine phosphorylation in the caveolae of adipocytes (see Figure 3.8 C). 

Sucrose density gradient centrifugation was used to purify the caveolae fractions after the 

cells had been lysed in 1% Triton lysis buffer, and the caveolae-associated proteins were 

separated by 10% SDS-PAGE. Phosphotyrosine levels were detected with the 4G10 

monoclonal antibody (Figure 3.9, upper panel). 

As seen in Figure 3.9, more caveolae-associated tyrosine phosphorylation was 

induced at insulin concentrations of 3-10 nM, with prominent phosphotyrosine bands at 

150 kDa, 85 kDa, 61 kDa, 28 kDa, 24 kDa, and 22.5 kDa. This result indicated that the 

localized signalling machinery was activated to a greater extent when the insulin 

concentrations were closer to physiological levels. At concentrations of 30-100 nM, less 
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Figure 3.9: Stimulations of differentiated 3T3-L1 cells with varying indicated 

concentrations of insulin in the presence of 10% CCS. Fully differentiated 3T3-L1 

cells were incubated overnight in insulin-free medium containing 10% CCS. Cells were 

stimulated in the same medium for 5 minutes with 3, 10, 30, and 100 nM insulin, lysed in 

1% Triton lysis buffer, and subjected to sucrose density gradient centrifugation to purify 

caveolae. Caveolae fractions were separated by 10% SDS-PAGE and Western blotted 

with an anti-phosphotyrosine monoclonal antibody (4G10) (upper panel). Maximal 

caveolar tyrosine phosphorylation was seen at 3 and 10 nM insulin (upper panel). The 

blot in the lower panel was Western blotted with an anti-caveolin 2 monoclonal antibody. 

An increase in the amount of caveolin 2 protein was seen upon stimulation of the cells 

with insulin at all the concentrations (lower panel) (n=2). 
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localized tyrosine phosphorylation was seen on bands of the same molecular weight, 

which is interesting, as these were the levels used in the bulk of the literature. 

To monitor the amount of caveolar protein run on the gels, the membrane was re-probed 

with an anti-caveolin 2 antibody, a marker of caveolae in differentiated cells (see Figure 

3.6). Approximately equal amounts of caveolin 2 can be seen in the insulin stimulated 

lanes of the Western blot shown in the lower panel of Figure 3.9, which were higher than 

that of the unstimulated lane (Figure 3.9, lane 0). Since equal protein amounts were 

loaded on the gel, it appeared that insulin stimulation increased or stabilized caveolin 2 

protein within the isolated fractions. 

A slightly different pattern of phosphotyrosyl proteins was seen in these caveolae 

fractions as compared to the previous figure (compare Figure 3.8 C and Figure 3.9 upper 

panel). This result may be due to a difference in the length of time in culture (i.e.-the 

number of passages of the cells prior to induction of differentiation), a variation in the 

effectiveness of the actual differentiation of the cells from one experiment to the next 

(whether the cells have completely converted to adipocytes when they resemble 

adipocytes morphologically), isolation and separation differences of the caveolae 

fractions, or the local concentration of growth factors present within the serum-containing 

medium that the cells were stimulated in. This observation led us to consider that insulin 

may not be acting alone on the cell surface to propagate the caveolar signalling response 

that generates a specific profile of tyrosine phosphorylated proteins. 

3.4) Synergistic LPA and Insulin Signalling Through Caveolae in 3T3-L1 Adipocytes: 

The insulin stimulations in previous experiments were all performed in the 

presence of 10% CCS, which contains a large amount of growth factors. We have 
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Figure 3.10: Stimulation of differentiated 3T3-L1 adipocytes with insulin+LPA 

mimics stimulation with insulin alone in the presence of serum. Differentiated 3T3-

Ll cells were incubated overnight in either insulin-free medium containing 10% CCS 

(first two lanes) or insulin-free low serum medium (0.5% CCS) (last four lanes). Cells 

were stimulated in the same medium for 5 minutes with 10 nM insulin alone (INS), 100 

nM LP A alone (LP A), or insulin (10 nM) and LP A (100 nM) together (I+L), lysed in 1% 

Triton lysis buffer, and subjected to sucrose density gradient centrifugation to purify 

caveolae. Caveolae fractions were separated by 10% SDS-PAGE and Western blotted 

with an anti-phosphotyrosine monoclonal antibody (4G10, upper panel) or an anti-

caveolin 2 monoclonal antibody (lower panel). Stimulation of adipocytes with insulin 

and LPA in combination in low serum conditions mimics the pattern and intensity of 

tyrosine phosphorylation seen when insulin alone is used in the presence of 10% serum 

(upper panel). Insulin and LPA alone in low serum conditions do not stimulate caveolar 

tyrosine phosphorylation to the same extent as when added in combination (upper panel). 

The amount of caveolin 2 protein is increased in the caveolae fractions isolated from cells 

incubated in 10% CCS (lower panel, first two lanes) or when stimulated with insulin and 

LPA in combination under low serum conditions (lower panel, third lane) (n=2). 
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hypothesized that caveolae serve as sites of signal transduction for insulin, but since a 

variety of other receptors and signalling molecules are localized to this membrane 

microdomain (see Table 1.1), it was possible that cross talk could occur between the 

insulin signalling pathway and other signalling cascades. One of the major mitogenic 

factors within serum is LP A (Roche, 1995), so it seemed logical to assess whether LP A 

was contributing to the insulin signalling cascade localized to caveolae. Differentiated 

3T3-L1 adipocytes were incubated overnight in low serum medium (0.5% CCS), and 

stimulated with insulin (INS) or LPA (LPA) alone, as well as in combination (I+L). The 

cells were stimulated for five minutes in low serum medium with insulin at a 

concentration of 10 nM and LPA at a concentration of 100 nM. The cells were lysed in 

1% Triton lysis buffer and caveolae were purified by sucrose gradient centrifugation as 

before. Equal caveolae protein amounts were separated by 10% SDS-PAGE and 

phosphorylated tyrosine residues were detected by Western blotting with 4G10. A 

representative figure is shown in Figure 3.10. 

In the presence of low amounts of serum, 10 nM insulin alone (INS) did not 

induce the same intensity and profile of tyrosine phosphorylation as compared to 

stimulation done in the presence of 10% CCS (compare ENS lane in Figure 3.10 to 5 

minutes stimulation lane in Figure 3.8 C). LPA alone (Figure 3.10 LPA) induced a slight 

increase in tyrosine phosphorylation levels over basal amounts, but when insulin and 

LPA were added in combination (Figure 3.10 I+L), the level and pattern of 

phosphorylation was exceedingly similar to that seen when insulin stimulation was done 

in the presence of 10% CCS. Predominant phosphotyrosine bands in these lanes were 

seen at 58 kDa, 33 kDa, 32 kDa, 28 kDa, 27 kDa, 24 kDa, and 23 kDa, with the bands at 
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33 kDa and 32 kDa increasing in the insulin stimulations alone in the presence of 10% 

CCS, compared to the insulin and LP A stimulations (Figure 3.10). Individual bands were 

difficult to discern above 62 kDa. These results suggested that LPA and insulin signal 

synergistically through caveolae and that LPA is required for the full activity of insulin. 

This represents a unique mechanism of cross talk between RTK and GPCR signalling in 

which both pathways are additive, rather than exclusive. 

In the lower panel of Figure 3.10, the Western blot was re-probed with an anti-

caveolin 2 monoclonal antibody to ensure that equivalent amounts of protein were loaded 

for each caveolae fraction. The amount of caveolin 2 protein seen was greater in the 

fractions prepared from cells stimulated in the presence of 10% CCS and in the fraction 

prepared from cells stimulated with insulin and LPA in low serum (Figure 3.10, lower 

panel). Since equal protein amounts were loaded on the gel, it appeared that these 

stimulations in particular increased or stabilized caveolin 2 protein within the isolated 

fractions. 

In order to demonstrate clearly the additional factor in serum that was 

required for insulin signalling through caveolae was LPA, it was necessary to show that 

both factors were sufficient to replicate the concentration curve described previously 

(Figure 3.9). Adipocytes were incubated overnight in low serum medium and stimulated 

with a range of insulin levels combined with 100 nM LPA. The concentrations of insulin 

used were 3,10, 30,100, and 300 nM, a range that would encompass any need for extra 

ligand stimulation in low serum conditions. Caveolae fractions were prepared by sucrose 

gradient centrifugation and equal caveolar protein amounts were separated by 10% SDS-
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Figure 3.11: Stimulations of differentiated 3T3-L1 cells with varying concentrations 

of insulin in the presence of 100 nM LPA under low serum conditions. Differentiated 

3T3-L1 cells were incubated overnight in insulin-free low serum medium (0.5% CCS). 

Cells were stimulated in the same medium for 5 minutes with 3,10, 30,100, and 300 nM 

insulin in combination with 100 nM LPA, lysed in 1% Triton lysis buffer, and subjected 

to sucrose density gradient centrifugation to isolate caveolae. Caveolae fractions were 

separated by 10% SDS-PAGE and Western blotted with either an anti-phosphotyrosine 

monoclonal antibody (4G10, upper panel) or an anti-caveolin 2 monoclonal antibody 

(lower panel). Maximal caveolar tyrosine phosphorylation was seen at 10 nM insulin, 

100 nM LPA stimulation (upper panel). Caveolin 2 protein amount increased slightly 

upon stimulation with insulin and LPA (lower panel) (n=2). 



101 

PAGE. Western blotting with the 4G10 monoclonal antibody assessed phosphotyrosine 

levels. 

As shown in Figure 3.11, maximal protein tyrosine phosphorylation was seen at 

10 nM insulin and 100 nM LP A. Prominent phosphotyrosine bands were seen at 120 

kDa, 83 kDa, 69 kDa, 62 kDa, 58 kDa, 47 kDa, 36 kDa, 33 kDa, 32 kDa, 26 kDa, and 12 

kDa. These results are consistent with the previous experiment where it was seen that 

LPA could compensate for the low serum conditions in which the insulin stimulations 

were performed. This result was also consistent with the earlier concentration curve 

performed in the presence of 10% serum (compare Figure 3.9 and Figure 3.11), 

suggesting that LPA alone could replicate the signalling pattern induced by insulin in the 

presence of serum. Differences did exist in the pattern of phosphorylated proteins, but 

this was most likely due to differences in the differentiation state of the cells or 

differences in the purification of caveolar proteins and their resolution by SDS-PAGE. 

As the concentration of insulin increased from 30 to 300 nM, the profile and 

intensity of phosphotyrosine bands decreased dramatically, until at 300 nM, only one 

band at 58 kDa remained (Figure 3.11). This pattern is identical to the results seen in the 

unstimulated state (Figure 3.11,0 lane).In the lower panel of Figure 3.11, the blot was re-

probed with an anti-caveolin 2 monoclonal antibody. Approximately equivalent amounts 

of caveolin 2 protein were seen in all the different experimental conditions, indicating 

that the differences in phosphotyrosine levels were not due to gross differences in 

caveolar protein amount. Slight differences are seen between the unstimulated lane 

(Figure 3.11 lane 0) and the stimulated lanes, indicating once again that these 

stimulations may stabilize or increase the amount of caveolin 2 in these isolated fractions. 
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Another concentration curve was attempted several times in which the 

concentrations of both insulin and LP A were varied over a range of values. 

Unfortunately, the cells on which these experiments were to be performed did not 

differentiate into the adipocyte phenotype and this result was not obtained, even with 

repeated trials. It seemed that the optimized differentiation protocol was no longer able 

to cause the conversion of the cells into adipocytes. New stocks of reagents important to 

the differentiation process, namely insulin, dexamethasone, and HBMX were used, but 

with no effect on the cells. Because of time constraints, a new round of optimization of 

the differentiation protocol could not be undertaken, nor could new cells stocks be 

obtained from another source. 

3.5) Requirement for Caveolae for the Synergistic Signalling of Insulin and LPA: 

We have demonstrated that insulin and LPA signal synergistically through 

caveolae in 3T3-L1 adipocytes, as assessed by the induction of tyrosine phosphorylated 

proteins. Although the signalling event seemed to be localized to the caveolae fraction in 

these cells, an absolute requirement for the presence of these microdomains in insulin 

signalling had yet to be demonstrated. To evaluate this, cholesterol-depleting agents 

were used to remove the cholesterol from the plasma membrane, and thus remove the 

caveolae structures, as the association of caveolin proteins with cholesterol is thought to 

contribute to the formation of the membrane invaginations. Three separate agents were 

used to remove the cholesterol from the membrane: nystatin, filipin, and (3-

methylcyclodextrin, which all bind cholesterol and sequester it away from the membrane. 

3T3-L1 adipocytes were incubated overnight in serum-free medium and then treated with 

the cholesterol-depleting agents prior to stimulation with insulin and LPA. The cells 
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Figure 3.12: The effect of cholesterol depleting agents on the caveolar tyrosine 

phosphorylation in response to insulin+LPA stimulation in differentiated 3T3-L1 

adipocytes. Differentiated adipocytes were incubated overnight in serum-free medium 

and pre-incubated with three separate cholesterol depleting agents, nystatin (NY, 75 

|i,g/ml, 1 hour), filipin (FIL, 1.67 |ig/ml, 10 minutes), and P-methylcyclodextrin (CYC, 

15 solution, 30 minutes) in the same medium. The cells were stimulated for 5 minutes 

with insulin (10 nM) and LP A (100 nM) together or left unstimulated, then lysed in 1% 

Triton lysis buffer. Caveolae fractions were isolated by sucrose density gradient 

centrifugation, separated by 10% SDS-PAGE, and Western blotted with an anti-

phosphotyrosine monoclonal antibody (4G10, upper panel), an anti-caveolin 2 

monoclonal antibody (centre panel), and an anti-caveolin 1 monoclonal antibody (lower 

panel). Increases in tyrosine phosphorylation were seen upon insulin stimulation in the 

untreated cells (0), the nystatin treated cells (NY), and the p-methylcyclodextrin treated 

cells (CYC) (upper panel). Induction and basal tyrosine phosphorylation was minimal in 

cells treated with filipin (FIL, upper panel). Furthermore, no caveolin 1 or 2 protein 

could be detected in the triton insoluble fractions (FIL, centre and lower panels). 

Roughly equivalent amounts of caveolin 1 were seen in the other conditions (lower 

panel). Caveolin 2 protein amounts appeared to increase slightly in cells that had been 

stimulated with insulin and LP A, regardless of their pre-incubation (centre panel) (n=2). 



105 

treated with nystatin (75 (ig/ml) were pre-incubated for one hour (Iwabuchi, 1998), with 

filipin (1.67 |ig/ml) for 10 minutes (Orlandi, 1998), and with (3-methylcyclodextrin (1% 

solution) for 30 minutes (Rodal, 1999). Insulin (10 nM) and LP A (100 nM) were then 

added to the culture dishes and the cells were incubated for another 5 minutes. The cells 

were lysed in 1% Triton lysis buffer, and caveolae fractions were prepared by sucrose 

density gradient centrifugation. Tyrosine phosphorylation was detected by Western 

blotting the caveolae fractions with an anti-phosphotyrosine monoclonal antibody, 4G10. 

Unexpectedly, three different results were obtained for each of the three cholesterol 

depleting agents. A representative figure is shown in Figure 3.12. 

The basal tyrosine phosphorylation was seen to increase in cells treated with both 

nystatin (NY) and P-methylcyclodextrin (CYC), over the untreated cells (Figure 3.12, A 

0 minutes stimulation lanes), whereas it remained virtually the same in cells treated with 

filipin, with only the appearance of a phosphotyrosine band at 33 kDa and the 

disappearance of aband at 12 kDa (FIL) (Figure 3.12, A 0 minutes stimulation lane). 

This suggested that these agents affected the basal tyrosine phosphorylation profile of the 

cells and perhaps the general integrity of the membrane itself. 

Upon stimulation with insulin and LP A, differing results were obtained in the 

profile of tyrosine phosphorylated proteins. In spite of the increase in basal 

phosphorylation, treatment with nystatin did not seem to affect the signalling capacity 

within the microdomains as the induction of tyrosine phosphorylation in these cells 

matched that of the untreated control cells (Figure 3.12, A compare 0 lanes and NY 

lanes). Prominent phosphotyrosine bands at 120 kDa, 85 kDa, 67 kDa, 65 kDa, 63 kDa, 

58 kDa 55 kDa, 49 kDa, 34 kDa, 33 kDa, 32 kDa, 31 kDa, 30 kDa, 28 kDa, and 25 kDa 



were seen to increase in intensity upon insulin stimulation. Treatment with (3-

methylcyclodextrin seemed to induce tyrosine phosphorylation of caveolae-associated 

proteins slightly less than in the untreated cells and those cells treated with nystatin 

(Figure 3.12, A compare 0 lanes, NY lanes, and CYC lanes). Bands at 85 kDa, 28 kDa, 

25 kDa and 24 kDa were seen to appear in the cells incubated with p-methylcyclodextrin 

after insulin stimulation. The cluster of tyrosine phosphorylated proteins between 34 and 

28 kDa seen in the nystatin treated cells were not induced to the same degree in cells 

treated with p-methylcyclodextrin (Figure 3.12, A compare NY and CYC lanes). 

Filipin treatment, on the other hand, seemed to abrogate the induction of tyrosine 

phosphorylation by insulin and LPA almost completely as only one phosphorylated band 

was induced at 85 kDa (Figure 3.12, A FIL lanes). Phosphotyrosine bands at 120 kDa, 

49 kDa, and 33 kDa were seen to disappear after insulin treatment of the cells previously 

incubated in filipin. The pattern of caveolae-associated phosphorylated proteins was 

clearly different for the cells treated with filipin than for the other treatment conditions. 

In panel B of Figure 3.12, the blot has been re-probed with an anti-caveolin 2 

monoclonal antibody. Caveolin 2 levels were similar in all the treatment conditions, 

except for those cells treated with filipin, where no caveolin 2 signal could be detected in 

the triton insoluble fractions of these cells (Figure 3.12 B FIL lanes). Panel C of Figure 

3.12 shows the same blot re-probed again with an anti-caveolin 1 monoclonal antibody. 

The levels of caveolin 1 seen mirror those of caveolin 2, where no signal was seen for the 

filipin treated cells (Figure 3.12 C FIL lanes). This indicated that caveolin 1 and 2 

proteins were no longer recovered in the triton insoluble fraction isolated from cells 
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treated with filipin, but were still present in the same fractions isolated from cells treated 

with P-methylcyclodextrin and nystatin. 

This result suggested that filipin affected the membrane in a different manner than 

nystatin or P-methylcyclodextrin does as both the basal, induced phosphorylation, and 

presence of caveolin proteins are opposite to that seen with the other cholesterol-

depleting agents. Differences in the pattern of phosphorylated proteins were also seen 

between the cells treated with nystatin and P-methylcyclodextrin, while the amount of 

caveolin proteins present was identical. With these experiments, the requirement for 

intact caveolae for insulin and LP A signalling could not be conclusively established but 

they did extend a cautionary note on the use of cholesterol depleting agents to remove 

caveolae structures. 



4) DISCUSSION: 

4.1) Differentiation of 3T3-L1 Cells: 

3T3-L1 cells, when incubated in DMEM containing 10% serum, insulin, IBMX, 

and dexamethasone, differentiated into adipocytes. The protocol for consistent 

conversion to the adipocyte phenotype was optimized for the cell stocks used for all of 

the experiments, using fat droplet accumulation and morphology changes as the 

indicators of differentiation. This protocol fits within the time frame of differentiation 

outlined by MacDougald and Lane, 1995 (see Figure 1.6). Differing concentrations of 

insulin, IBMX and dexamethasone have been used by various research groups to induce 

adipogenesis (see Section 3.1.1). For the most part, the doses of agents used are well 

beyond that of their minimal activity or physiological concentrations, so it may not matter 

what the specific concentration of an individual component is above a certain threshold 

level. Threshold levels of responsiveness may be cell batch specific as they may reflect 

slight differences in the stage of adipocyte development that the individual cell batches 

are at. If 3T3-L1 cells are cultured such that they are allowed to sit at confluence for a 

few days prior to further passaging, some of the differentiation machinery may have been 

activated, rendering the cells more advanced along the adipocyte lineage. 

Some groups have reported the omission of insulin in the differentiation medium 

of some protocols (Summers, 1999). Insulin is thought to be responsible for activating 

the p38 pathway through the IGFR in the mechanism of differentiation (MacDougald, 

1995). Presumably, the growth factors (including insulin and IGF1) present within the 

serum in the culturing medium are enough to stimulate the p38 pathway (through their 

cognate receptors) and induce the conversion of the cells to adipocytes, when used in 
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combination with IBMX and dexamethasone. It is possible that other growth factor 

receptors couple into this pathway, and that insulin merely provides extra stimulation 

above a threshold level to effect maximal induction of differentiation. Differences in 

growth factor responsiveness may exist between individual cell stocks, which may 

account for why the cells used by Summers et al. still differentiated. 

All of the protocols published to date have the cells incubating in some form of 

differentiation medium for at least 2 days. This is long enough to induce a transcriptional 

response (MacDougald, 1995), but may not be sufficient for full differentiation. 

Differentiation is assessed by the visualization of morphology changes and fat droplet 

accumulation, which may not represent true adipocyte phenotype (as defined by the 

expression of adipocyte-specific markers such as 422/aP2). Changes in the expression of 

all components of adipocyte signalling pathways over the course of differentiation and 

their temporal regulation have not been established. As observation of fat droplet 

accumulation is merely a qualitative assessment of 3T3-L1 differentiation, it is necessary 

to monitor markers of adipocyte conversion, such as 422/aP2, SCD1, and GLUT4 (see 

Figure 1.6), for the different differentiation protocols to evaluate which components of 

the differentiation protocol are required for true differentiation. Fat droplet accumulation 

may not necessarily coincide with upregulation of all necessary signalling molecules, and 

cells harvested prior to complete differentiation may give incomplete results as some 

components of the signalling pathways may not be present yet or mislocalized. Thus, for 

a true quantitative measure of 3T3-L1 differentiation, observation of fat droplet 

accumulation should be accompanied by measurement of markers of adipocyte 

conversion 422/aP2, SCD1 and GLUT4. 
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4.1. U Persistent Difficulties with the Differentiation of 3T3-L1 Cells: 

Some problems with differentiation of our cell stocks still existed after the 

optimization of the differentiation protocol. The cells would lose their capacity to 

differentiate after being in culture for longer than 3 weeks. To combat this problem new 

stocks of cells from a passage known previously to differentiate well were thawed every 

3 weeks. These cells eventually lost their ability to convert to the adipocyte phenotype as 

well, even within the three-week culture period. New stocks of reagents imperative to the 

differentiation of these cells were utilized (insulin, dexamethasone and IBMX), but the 

cells did not differentiate. Because of time constraints, a new attempt to optimize the 

differentiation protocol was not undertaken, nor were new cell stocks ordered from an 

independent source. These two steps will be necessary if these cells are to be used for 

any future experiments. 

Why the cells seemed to lose their differentiation capacity is unknown. It is 

possible that there is an upregulation of the Pref 1 protein that has been shown to prevent 

differentiation of 3T3-L1 cells when overexpressed (Smas, 1993; Smas, 1994). Pref 1 

levels would have to be monitored by Western blotting in cells over the time spent in 

culture. Other mutations in the pathways required for the induction of differentiation 

could also have accumulated. The levels or activity of p38 may have decreased. This 

would render one of the collaborative pathways in the differentiation process disabled, 

and it has been shown that all of these pathways must be active to achieve complete 

differentiation (MacDougald, 1995). A decrease in the levels or activity of any of the 

transcription factors (C/EBP, PPAR) would also affect the differentiation process. 

Transcription factor levels could be monitored by both Western blotting for protein levels 
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as well as using luciferase reporter constructs driven by various responsive elements 

(PPREs, C/EBP regulatory elements) to monitor their activity. Another possibility is that 

the IGFR may have been downregulated in our cell stocks, removing the initial stimulus 

for differentiation. This possibility is not as likely as the differentiation protocol used by 

Summers et al. does not contain insulin (Summers, 1999). Presumably, other growth 

factors in the medium could compensate for the omission of this hormone. 

4.2) The Effect of the Src-familv Protein Tyrosine Kinase Hck on 3T3-L1 

Differentiation: 

In order to understand further the mechanism of differentiation of 3T3-L1 cells, 

the effect of expression of various alleles of the Src-family protein tyrosine kinase Hck 

within these cells was monitored. Constitutively active Hck alleles were seen to reduce 

the time frame necessary for the differentiation of stably transfected 3T3-L1 cells, and 

may even abrogate the necessity for differentiation medium (see Figure 3.3). The 

mechanism by which this kinase activates the known pathways for inducing the master 

regulators of differentiation is unknown. It is possible that overexpression of an 

unregulated kinase, such as the activated form of Hck, stimulates the induction of the 

C/EBP transcription factors through the p38 pathway above the necessary threshold, and 

that dominant negative forms block this process. This would be consistent with the 

finding that overexpression of wild type Hck did not change the kinetics of the 

differentiation process, as it is still subject to regulation by extrinsic factors, and that 

dominant negative Hck-expressing cells did not differentiate. Perhaps overstimulation of 

one of the pathways involved in inducing the differentiation-specific transcription factors 

is sufficient to override the necessity for co-stimulation of the other pathways. 
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Overexpression of v-Src, the constitutively active oncogenic form of Src, did not 

induce the differentiation of 3T3-L1 cells in the absence of differentiation medium, nor 

did it decrease the time frame of differentiation (Porras, 1996). Overexpression of 

constitutively active and dominant negative Fyn, however mimicked the results seen with 

Hck in Figure 3.3 (Mastick, 1997). This suggested differential functions for the various 

members of the Src-family kinases. An attractive explanation would be that these 

differences in function reflect the differences in localization of the individual Src-family 

members. Both Fyn and Hck are palmitoylated and myristoylated, a combination that has 

been shown to allow localization of these proteins to caveolae and lipid rafts (Robbins, 

1995). Src, by contrast, is only myristoylated, and therefore localized to membranes, but 

not specifically to caveolae or lipid rafts (Robbins, 1995). This suggested that 

differential localization of constitutively active Fyn and Hck to lipid rafts in 

undifferentiated 3T3-L1 cells promotes the differentiation of these cells into the 

adipocyte phenotype. Additional mutations are also present in the v-Src protein within 

the SH3 domain, suggesting that this kinase cannot couple to all of its appropriate 

downstream effectors. 

3T3-L1 cells expressing dominant negative Hck alleles could not be induced to 

differentiate, and appeared to migrate into clumps on the tissue culture plate, resembling 

transformed colonies. The significance of this behaviour is not known. True migration 

would have to be assessed using migration chamber assays, comparing cells expressing 

dominant negative Hck to vector control and activated Hck-expressing cells. 

It would be of interest to observe 3T3-L1 cells that contain the constitutively 

active Hck allele under electron microscopy over the course of their differentiation for 
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the appearance of caveolae structures. These observations may shed light on whether 

differentiation medium is necessary to promote the conversion of fibroblasts to 

adipocytes in cells expressing lipid raft/caveolae-localized constitutively active Src-

family protein tyrosine kinases. Concomitant with electron microscopy, levels of 

adipocyte-specific genes, such as 422/aP2, GLUT4, and SCD1, could be monitored to 

assess whether the differentiated cells meet all three criteria of adipocytes: the expression 

of specific marker proteins, morphological features, and lipid accumulation. 

Since expression of v-Src did not accelerate the differentiation process (Porras, 

1996), it is conceivable that localization of these kinases to lipid microdomains is 

necessary for their effect on differentiation. Expression of a construct coding for a 

constitutively active Hck protein with only the myristic acid modification, which should 

prevent localization to lipid microdomains, is necessary to address this requirement for 

localization. Differentiation should be monitored by the criteria listed above. 

4.3") Caveolae Structures are only Present in Differentiated 3T3-L1 Adipocytes: 

Only differentiated 3T3-L1 cells contained caveolae structures (see Figure 3.4), 

which observation is consistent with the upregulation of the caveolin proteins over the 

course of differentiation (see Figure 3.6). This is the first demonstration that caveolae 

structures exist only in differentiated 3T3-L1 cells. It would be of interest to document 

the exact stage(s) of differentiation in which caveolin proteins are expressed and caveolae 

structures are present at the plasma membrane. Although caveolae are absent, it is 

possible that lipid rafts exist in undifferentiated cells, as they are thought to follow the 

shape of the plasma membrane, rather than invaginate like caveolae (Simons, 1997) and 

therefore would not have been visualized by electron microscopy. The evidence that 
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some proteins are recovered from undifferentiated cells under the specific conditions 

used to purify microdomains supports this claim. 

4.4) Increases in the Protein Content of Caveolae Fractions Over the Course of 

Differentiation: 

Large differences were seen in the gross protein content of triton insoluble 

fractions during the stages of differentiation of the 3T3-L1 cells (see Figure 3.5). This is 

consistent with the two dimensional gel data that suggests that over 300 proteins are 

differentially expressed over the course of differentiation (Sadowski, 1992). Increases in 

both the number of proteins and the amount of protein localized to caveolae could be 

seen by both biotin labelling of the caveolae fractions and Coomassie staining of the 

electrophoretically separated proteins. Kinase activity within the fractions was also 

increased as the cells differentiated from fibroblasts to adipocytes as measured by in vitro 

kinase assays. It is unclear, however, whether the increase in kinase activity was due to 

1) an increase in the amount of kinase (s) present within the microdomains, 2) an increase 

in the amount of substrate available to the kinase, 3) an increase in the activity of the 

localized kinase (s), or a combination of either of these. The latter situation seems most 

likely, as the Src-family protein tyrosine kinase, Fyn, was shown to be upregulated in the 

caveolae of differentiated cells (see Figure 3.6 A), and the insulin receptor, a RTK, has 

also been shown to be upregulated in differentiated cells and localized to caveolae 

(Smith, 1988; Gustavsson, 1999; Wu, 1997; Goldberg, 1987). This localization does not 

change upon insulin stimulation (Smith, 1988; Gustavsson, 1999; Wu, 1997; Goldberg, 

1987). The general protein content of the caveolae fractions increased, presumably 

containing substrates for the kinases, as well as regulators responsible for kinase 
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activation, such as SH2 domain-containing proteins that may displace the regulatory 

phosphotyrosine residue at the C-terminus of Fyn (Brown, 1996). The end result is an 

increased localized capacity to signal. To assess the activity levels of the individual 

kinases localized to caveolae, each kinase would have to be identified separately, 

immunoprecipitated with a kinase-specific antibody and subjected to an in vitro kinase 

assay. 

4.4.1) Temporal Regulation and Potential Mechanisms of Induction of Fyn and the 

Caveolin Proteins: 

The temporal regulation and mechanism of induction of certain adipocyte-specific 

genes has been well documented (see Figurel.6 and MacDougald, 1995). The 

mechanism and timing of the upregulation of Fyn, caveolin 1 and caveolin 2, however, 

has not been investigated. Presumably, these genes are induced after the cells are placed 

on differentiation medium, or the induction of these genes takes longer than 4 days as no 

expression of these proteins was seen in 4 days confluent cells (see Figure 3.6). Caveolin 

1 and 2 protein have been shown to be present in undifferentiated fibroblasts (Lisanti, 

1993), but the manner in which these cells were cultured raises the issue of whether the 

cells used in that study represented true fibroblasts. The undifferentiated cells in this 

study were left at confluence for the same length of time it took a parallel set of 3T3-L1 

cells to differentiate into adipocytes. While it is true that all the components (serum, 

insulin, EBMX, and dexamethasone) must be present for the full differentiation of the 

cells, some differentiation does occur when only one of the components is present 

(MacDougald, 1995). As shown in Figure 1.6, some of the mediators of differentiation 

are induced as the cells remain at confluence for 4 days. Also, this cell line was isolated 
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on the basis of its spontaneous differentiation into adipocytes when left in culture (Green, 

1974). It is possible that the cells used by Lisanti et al. were slightly differentiated as 

they were cultured in 10% serum and remained in culture at confluence for an extended 

period of time (Lisanti, 1993). Therefore, these cells cannot be considered truly 

undifferentiated fibroblasts. It is possible that the Fyn and caveolin genes are induced 

early on in the differentiation protocol or the pathway responsible for their induction is 

induced by the presence of serum growth factors in the medium. 

How the individual components of the 3T3-L1 differentiation pathway result in 

changes in protein content remains to be identified. Proteins such as Fyn, caveolin 2, and 

caveolin IB are upregulated during the course of differentiation, but the mechanism 

responsible for this upregulation and the timing of these events is not known. The timing 

of this upregulation could be elucidated by isolating triton insoluble fractions from cells 

on each day of the differentiation process and assessing the relative amounts of Fyn, 

caveolin 2 and the caveolin 1 isoforms by Western blotting. Induction of transcription of 

these genes could be assessed through the use of semi-quantitative reverse-transcriptase 

polymerase chain reaction (RT-PCR), which quantifies the amount of specific messenger 

RNA present at one time through the use of specific oligonucleotide primers. Increases 

in mRNA and protein amount should be correlated to electron microscopy data on the 

appearance of caveolae structures at the plasma membrane. If caveolae structures are 

seen prior to the upregulation of one of either caveolin 2 or caveolin 1B, the nature of the 

homo- or heterooligomers that form the caveolae structures will be identified 

Caveolin l a does not seem to be subject to the temporal regulation seen for 

caveolin 1B and caveolin 2 (see Figure 3.6 B and C). This result suggests that differences 
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exist in the transcriptional control of both protein isoforms. The cause for the 

upregulation of the caveolin 2 and caveolin IB proteins is unknown. Analysis of the 

promoter sequences of these two isoforms may reveal C/EBP or PPAR recognition 

sequences in the promoter of caveolin 1B and the promoter for caveolin 2. Additionally, 

cholesterol has been shown to increase caveolin gene expression (Bist, 1997; Fielding, 

1997). Cholesterol synthesis and uptake from the surrounding medium may increase as 

the cells differentiate, providing a feed-forward mechanism that increases caveolin 

expression. Expression pattern and functional differences may be identified through this 

knowledge, which may impact on formation and function of caveolae structures with 

different caveolin protein content. 

4.4.2) Caveolin Oligomerization and Potential Differential Functions: 

Since caveolin l a is present in undifferentiated cells, but no caveolae structures 

are present, this suggests that caveolin l a alone cannot homooligomerize to form 

caveolae. It has not been determined whether caveolin 1B alone can form 

homooligomers. Subsets of caveolae structures may exist which contain one form of 

caveolin protein, such as caveolin 1B. It may be the case however, that both isoforms of 

caveolin 1 are required for oligomerization and caveolae structure formation. 

Heteroligomers are also formed between caveolin 1 and 2 proteins (Monier, 1996; Das, 

1999), but it is unknown which of the caveolin 1 isoforms are present in these structures. 

The relative proportions of caveolae in differentiated 3T3-L1 cells that contain caveolin 1 

and 2, caveolin 1B alone, or both caveolin 1 isoforms is not known. 

Differential functions may exist for the varying forms of caveolae, depending on 

their caveolin protein constituents. It may be possible that caveolin 2-containing 
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caveolae structures are responsible for conferring specific functions to the cell, as was 

postulated in MDCK cells (Scheiffele, 1998). One specific function in differentiated 

3T3-L1 cells might be insulin signal transduction, as only differentiated cells 

demonstrated a localized induction of tyrosine phosphorylation in response to insulin 

treatment that resulted in phosphorylation of the caveolin 1 protein, among other proteins 

(see Figure 3.8 C). This signalling event can therefore be considered true caveolae 

signalling. Caveolin 1 has been demonstrated to be a substrate of Fyn, but the 

consequence of this phosphorylation is not known at this time (Mastick, 1997). 

4.5) Caveolae-Associated Insulin Signalling is only Seen in Differentiated 3T3-L1 

Adipocytes: 

Induction of tyrosine phosphorylation occurred in the total cell lysates of both 

undifferentiated and differentiated 3T3-L1 cells (see Figure 3.7). The pattern and 

intensity of the tyrosine-phosphorylated proteins seen in these cells were different. This 

result reflects the changes in protein content, particularly specific insulin signalling 

elements as the cells begin their differentiation process. This also may reflect the cell 

response mechanism to insulin, as the insulin receptor is highly upregulated in adipocytes 

compared to fibroblasts (MacDougald, 1995). Insulin signalling seen in the total cell 

lysate of 1 and 4 day confluent cells may be due to the few insulin receptors present on 

the cells or may represent signalling through the IGFR. Activation of the individual 

receptor systems is dependent on the number of receptors present on the cell surface, 

their localization to specific microdomains in the plasma membrane, and the 

concentration of insulin used to stimulate the cells. IGFRs are present at the plasma 

membrane of undifferentiated 3T3-L1 cells (MacDougald, 1995), but it is unknown 
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whether these receptors show a restricted localization to membrane microdomains, such 

as lipid rafts, which may exist in undifferentiated 3T3-L1 cells or caveolae, which are 

present in differentiated 3T3-L1 cells. Insulin activates the insulin receptor at a 

physiological concentration, while it requires nonphysiologically high levels to activate 

the IGFR (MacDougald, 1995). At the concentration of insulin used in the experiments 

in this thesis, both receptor systems are potentially activated. Heteroligomers between 

the insulin receptor and the IGFR have also been demonstrated to occur (Bailyes, 1997). 

IGFRs have been demonstrated to couple into the same downstream signalling cascades 

as the insulin receptor, so whether differences would occur in the profile of tyrosine 

phosphorylated proteins and cellular response to insulin is unknown, but may be why 

differences are seen in the profile and intensity of tyrosine phosphorylated proteins 

between one day confluent, four days confluent, and differentiated total lysates. 

Insulin stimulates a number of unique physiological responses, such as the uptake 

of glucose into adipocytes (Myers, 1996). Whether these responses are occurring as a 

result of stimulation of the insulin receptor, the IGFR, or both is unknown. To 

distinguish between these possibilities, mice with a targeted disruption of the IGFR gene 

are required. If cells equivalent to 3T3-L1 adipocytes from these mice can be obtained, 

the insulin stimulated tyrosine phosphorylation response should be documented in both 

total cell lysates as well as in the triton insoluble fraction. Also, stimulations with insulin 

and LP A together should be performed on these mouse cells to assess the nature of this 

synergistic signalling pathway. 

An induction of tyrosine phosphorylation was seen upon insulin stimulation in 4 

days confluent 3T3-L1 cells, which was in contrast to one day confluent cells, where no 



induction was discemable (Figure 3.8 A and B). This result suggests that components of 

the signalling machinery responsible for this phosphorylation change their localization to 

a triton insoluble fraction between 1 and 4 days of confluence, since one day confluent 

cells are capable of responding to insulin stimulation (total lysates). The kinetics of the 

insulin response seen in the 4 days confluent cells is different than that seen in 

differentiated cells, in that the phosphorylation level is constant after stimulation in the 4 

days confluent cells. This may be related to caveolin 1 and Fyn upregulation in 

adipocytes, as Fyn has been shown to phosphorylate caveolin 1 and this phosphorylation 

may be involved in signal termination (see below). 

4.5.1) Insulin Signalling in 3T3-L1 Adipocytes Represents True Caveolae Signalling: 

Signalling through caveolae occurs when the signal is appropriately propagated 

through these microdomains and results in the tyrosine phosphorylation of the caveolin 

protein. Thus, insulin signalling in 3T3-L1 adipocytes can be considered true caveolae 

signalling as caveolin 1 is phosphorylated in the caveolar response to insulin stimulation 

(see Figure 3.8 C, 25 kDa band). EGF, PDGF, and FGF all result in an increase in 

caveolae-associated tyrosine phosphorylation, but none of these agonists induces 

phosphorylation on caveolin 1 in a variety of mouse central nervous system-derived cell 

types (Dr. A. Davy, personal communication). This suggests that caveolin 1 

phosphorylation may result from a signalling cascade unique to insulin stimulation or that 

caveolin 1 phosphorylation plays a unique and important role in insulin signalling. 

The consequence of caveolin phosphorylation has not been conclusively 

determined. One group has suggested that this phosphorylation event relieves the 

signalling repression effected by the caveolin protein (see Mechanism 4 in section 1.5.3) 



(Li, 1996; Couet, 1997). If caveolae function as negative regulators of insulin signalling 

through caveolin binding key signalling molecules and suppressing their action, this 

phosphorylation is thought to release this repression so that the molecules are now active 

and able to propagate the signal (Li, 1996; Couet, 1997). This has been demonstrated by 

in vitro incubation of certain signalling molecules isolated from caveolae, such as Ras, 

with the putative caveolin scaffolding-suppression domain and showing an association as 

well as repression of their activity (Li, 1996). Several problems exist with this 

mechanism, the first being that the putative scaffolding-suppression domain overlaps the 

oligomerization domain within the caveolin protein (see Figure 1.5). Since caveolin 

proteins exist as multimers of oligomerized protein subunits, it would be stearically 

difficult for additional proteins to bind. The second problem is that this repression 

mechanism has never been demonstrated to occur in vivo. It is possible that binding and 

inhibition of signalling capacity was seen because excess amounts of scaffolding-

suppression domain were used in these experiments, promoting artificial associations. 

Another problem lies within the order of signalling events, as caveolin 1 would have to 

be phosphorylated very early on in the signalling cascade so that derepression of the rest 

of the signalling pathway could take place. In Figure 3.8 C, a 25 kDa phosphotyrosine 

band, corresponding to caveolin 1 is only seen at 5 minutes of insulin stimulation, but a 

response to insulin is seen after 30 seconds. Thus, there is strong evidence that caveolin 

proteins do not function to repress signalling molecules. 

One potential function of phosphorylated caveolin 1 is that it may induce the 

internalization of caveolae structures. Caveolae structures are known to pinch off 

internally from the plasma membrane (Anderson, 1993), and this internalization might be 



122 

responsible for the termination of the signal at the membrane. The data shown in Figure 

3.8 C supports this model, as phosphorylation of caveolin 1 occurs at five minutes of 

insulin stimulation, the time point after which the caveolae-localized tyrosine 

phosphorylation has decreased. This decrease in phosphorylation does not occur in 4 day 

confluent cells where no Fyn or caveolin 1 protein can be detected. In order to 

investigate this possibility further, electron microscopy should be performed on 

differentiated 3T3-L1 cells after a time course of stimulation with insulin and correlated 

with phosphotyrosine levels of caveolin 1. Additionally, the tyrosine residue in caveolin 

1, which becomes phosphorylated, could be specifically mutated and the resultant mutant 

protein could be transiently overexpressed within 3T3-L1 adipocytes. If caveolae 

internalization and signal termination is the consequence of this phosphorylation event, 

the caveolae structures should remain at the plasma membrane (as visualized by electron 

microscopy) and the insulin-induced tyrosine phosphorylation should remain elevated (as 

assessed by Western blotting). 

Why would insulin signal through caveolae structures? Several potential benefits 

exist for signal propagation through specialized signalling microdomains. 1) The speed 

of signal transduction could potentially be increased, as all of the downstream effectors 

would be situated near to one another, eliminating the need for translocation and 

association. 2) The fidelity of the signal could also be increased as many of the 

components of the insulin signalling pathway are localized to caveolae (see Table 1.1), 

reducing the chances of aberrant interactions between proteins. The limited nature of the 

profile of proteins localized to caveolae reduces the number of protein interactions that 

may occur, thus reducing the number of misassociations. 
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4.6) Synergistic Signalling Stimulated by Insulin and LPA in the Caveolae of 3T3-L1 

Adipocytes: 

Caveolae-associated tyrosine phosphorylation was monitored over a range of 

insulin concentrations in 10% serum-containing conditions and in combination with LPA 

in low serum conditions. Maximal phosphorylation was seen at 3-10 nM insulin (Figure 

3.9, 3.11), which is significant because these concentrations more closely resemble the in 

vivo situation. Peak physiological levels of insulin are approximately 1 nM within blood 

plasma, with LPA levels estimated at 2 nM. This potentially indicates that the signalling 

seen in the experiments performed in this thesis may mimic the true cellular responses. 

Most of the literature generated on caveolae-associated insulin signalling report the use 

100 nM insulin to stimulate the cells. This concentration does not represent the peak for 

signalling identified in this thesis, but rather that signalling has decreased at that 

concentration. This decrease may occur for a variety of reasons, the first being that 

signalling is more likely to be occurring through both insulin and IGFRs, but the 

localization of the IGFR has not been determined. Insulin receptors have been 

demonstrated to be within the caveolae (Smith, 1988; Gustavsson, 1999; Wu, 1997; 

Goldberg, 1987), but if the IGFR is not localized to caveolae, it may be inducing tyrosine 

phosphorylation in other cellular compartments that would not be seen in the isolated 

caveolae fractions. The second explanation might be the kinetics of the phosphorylation. 

It is possible that the reaction takes place much more rapidly at a higher insulin 

concentration, and that the maximum phosphorylation is reached before five minutes of 

stimulation. A time course of insulin alone or insulin+LPA stimulations over the range 

of insulin concentrations is necessary to eliminate this possibility. 
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Insulin and LP A stimulation together was seen to replicate the caveolae-

associated tyrosine phosphorylation seen upon insulin stimulation in 10% serum-

containing conditions (Figure 3.10). This is significant as it represents a unique 

mechanism of cross talk between RTKs and GPCRs as the resulting signalling is additive. 

LPA has been shown to signal through the PDGF receptor since it is capable of inducing 

the phosphorylation of the cytoplasmic tail of the RTK (Goppelt-Streube, 1999). Cross 

talk with the EGF receptor by LPA occurs via cleavage of the pro-form of the EGF 

receptor induced by LPA (Prenzel, 1999). Additionally, the Gpy subunits of the G-

proteins associated with the LPA receptors have been shown to mediate Src-family 

protein tyrosine kinase phosphorylation of the EGF receptor (Luttrell, 1996; Luttrel, 

1997). Whether the Src-family kinase Fyn induced in the experiments in this thesis are 

being doubly activated by both the insulin receptor and the LPA receptor is unknown. 

This may be critical in the requirement for both insulin and LPA for the full signalling 

response. If stimulation of Fyn by two distinct pathways has the same consequence as in 

LPA signalling through the EGF receptor, it may represent a feed-forward mechanism 

that results in further phosphorylation and activation of the insulin receptor above that 

seen with insulin stimulation alone. This feed-forward mechanism may be required for 

the profile of caveolae-localized tyrosine phosphorylated proteins identified in this thesis. 

4.6.1) Potential Mechanisms for the Synergistic Signalling Stimulated by Insulin and 

LPA in the Caveolae of 3T3-L1 Adipocytes: 

Caveolae have been proposed to function as sites of signal transduction by 4 

different mechanisms (see Figure 1.4). The insulin receptor has been demonstrated to be 

localized to caveolae and its localization does not change upon insulin stimulation 



(Smith, 1988; Gustavsson, 1999; Wu, 1997; Goldberg, 1987). The profile of and 

subcellular localization of the LPA receptors in 3T3-L1 adipocytes has not been 

evaluated to date. If the EDG receptors reside within the caveolae fraction, the first 

mechanism is most likely to result in the additive signalling. There is precedence for the 

localization of GPCRs to caveolae microdomains (see Table 1.1). But if the EDG 

receptors reside outside of the caveolae and either translocate in or communicate to 

caveolae-localized signalling machinery, mechanisms 2 and 3 are possible. The 

localization of the EDG receptors is essential in the first step of identifying the 

mechanism of insulin and LPA cross talk, which can be accomplished by Western 

blotting caveolae and plasma membrane fractions with specific antibodies for the three 

LPA receptors. Identifying whether one receptor preferentially couples to a particular 

subtype of G proteins through the use of cholera and pertussis toxin, while monitoring 

internal calcium levels would be an asset in identifying the mechanism of cross talk 

between the insulin and LPA signalling pathways. 

The mechanism at the point of cross talk between the two pathways remains to be 

identified as well. The dual activation of the Src-family protein tyrosine kinase Fyn 

represents one possible mechanism. Insulin activates a host of signalling pathways, 

including MAPK and PI3K (Myers, 1996), both of which can be activated by the G12/13 

class of GPCRs via the small GTPase Rho (Goetzl, 1998; An, 1998), another possible 

point of cross talk. LPA receptors have also been demonstrated to increase calcium 

levels through a number of mechanisms (see section 1.3.2) (Goetzl, 1998; An, 1998; 

Gutkind, 1998). This flux in calcium may activate calcium-sensitive signalling 

molecules, which in turn, activate effectors responsible for the physiological effects of 
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insulin. Varying calcium levels in combination with insulin stimulation may identify the 

mechanism of synergy. The calcium level can be artificially elevated through the use of a 

calcium ionophore, followed by insulin stimulation (in low serum conditions) and the 

profile and intensity of caveolae-associated tyrosine phosphorylation could be monitored 

by Western blotting with 4G10. Alternatively, the intracellular calcium level can be 

decreased via BAPTA, a calcium chelating agent, and a similar experiment can be 

performed. If calcium flux represents the mechanism of cross talk, the use of the 

ionophore should mimic the results seen with insulin and LP A, while treatment with 

BAPTA should abrogate the signalling response. It would also be of interest to document 

whether a closely-related EDG receptor family agonist, SPP can mimic the synergistic 

signalling between insulin and LP A. SPP could be added to differentiated 3T3-L1 

adipocytes in combination with insulin, and the caveolae-associated induction of tyrosine 

phosphorylation could be assessed 

Two critical effectors of the metabolic response to insulin have been shown to be 

upregulated in differentiated 3T3-L1 cells, Akt/PKB and the pi 10 subunit of PI3K. This 

upregulation may explain why adipocytes can take up glucose at a far greater rate than 

fibroblasts, as these proteins are responsible for the translocation of GLUT4 glucose 

transporters to the plasma membrane in response to insulin stimulation (Myers, 1996). 

Glucose transport is also increased because GLUT4 transporters are upregulated over the 

course of differentiation of 3T3-L1 cells (MacDougald, 1995). This maybe responsible 

for the unique metabolic effects brought about by insulin. Many common signalling 

pathways are activated by insulin, PDGF, and EGF, namely the MAPK pathway and the 

PI3K pathway (see Figure 1.1), but only insulin is able to cause the translocation of 



GLUT4 glucose transporters and subsequent uptake of glucose (Myers, 1996). The 

mechanism of this selectivity is unknown, but it is possible that the two independent 

signals generated by insulin and LP A combine to cause GLUT4 translocation. If this 

possibility is true, it has implications for the mechanism of Type II Diabetes, in which 

insulin is still generated by the pancreas, but cells such as skeletal muscle, liver, and 

adipocytes can no longer respond appropriately to that signal (Moule, 1997). This could 

be preliminarily investigated by assessing LPA receptor levels and activity in animal 

models 

4.7) Effect of Cholesterol Depleting Agents on Triton Insoluble Fraction Localized 

Insulin Signalling in Differentiated 3T3-L1 Adipocytes: 

Caveolin 1 is a cholesterol binding protein and is essential for caveolae structure 

formation (Murata, 1995; Fra, 1995). Caveolae structures could be removed through the 

depletion of bound cholesterol from the caveolin 1 protein, which would allow for 

assessment of the effect of this loss of structure on insulin signalling (Figure 3.12). 

Previous studies had shown that treatment with nystatin, one of the cholesterol depleting 

agents, would eliminate caveolae structures (Anderson, 1993). In the experiments 

performed for this thesis, similar results were seen in the triton insoluble fractions 

isolated from the cells treated with nystatin and another cholesterol-depleting agent, p-

methylcyclodextrin, in that basal tyrosine phosphorylation was increased, while the 

insulin and LPA induced tyrosine phosphorylation was similar to that seen in untreated 

cells. This indicated that the caveolae structures had most likely not been eradicated 

from the cells treated with these agents, which was supported by the presence of caveolin 

1 and 2 proteins within the isolated triton insoluble fractions. The mechanism 
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responsible for the increase in basal tyrosine phosphorylation is unknown; perhaps it 

represents a stress response by the cells. 

Contrasting this, cells treated with filipin showed a drastic decrease in both basal 

and insulin- and LPA-induced tyrosine phosphorylation. Furthermore, neither caveolin 1 

or 2 could be recovered from the isolated triton insoluble fractions. This result is 

particularly curious since both nystatin and filipin are polyene antifungal agents reported 

to work via binding sterols in the plasma membrane (Orlandi, 1998; Iwabuchi, 1998). p-

methylcyclodextrin by contrast, acts as a hydrophilic carrier of hydrophobic molecules, in 

particular, cholesterol (Rodal, 1999). Filipin treatment may be disrupting the plasma 

membrane in general, leading to a loss of order and therefore signalling capacity. Thus, 

the loss of tyrosine phosphorylation in response to insulin treatment may reflect a more 

general loss of signalling capacity by the cells. 

Obviously, differences in the efficiency of the cholesterol removal or specificity 

for cholesterol exist between these agents. The issue of efficiency for all of the agents 

used could be addressed by varying the concentrations of the individual agents and their 

incubation time on the cells. Tyrosine phosphorylation, caveolin 1 and caveolin 2 levels 

should be monitored as in this experiment by Western blotting isolated triton insoluble 

fractions from the various experimental conditions. Electron microscopy would be 

necessary to assess whether caveolae structures remain after treatment with the individual 

cholesterol depleting agents. The use of antisense oligonucleotides to abrogate caveolin 

expression would be a more specific method of removing caveolae structures from the 

plasma membrane. By stimulating these cells with insulin alone and in combination with 

LP A, the requirement for caveolae in the signalling response could be evaluated. 
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A cautionary note must be issued for the use of cholesterol-depleting agents in 

removing caveolae structures from the plasma membrane. The plasma membrane as well 

as internal membranes may be disrupted, as cholesterol is not only localized to caveolae. 

The contradictory results obtained in the experiments performed for this thesis, as well as 

a recent report indicating that P-methylcyclodextrin treatment perturbs clathrin-mediated 

endocytosis (Rodal, 1999), indicate that these agents do not alter caveolae specifically. 

Thus, the effect of these cholesterol depleting agents on membranes in general must be 

assessed before conclusions can be drawn as to their effects on caveolae-localized signal 

transduction. 

4.8) Summary: 

New information on the differentiation process of 3T3-L1 cells has been provided 

by this work. Furthermore, once an optimal differentiation protocol was established, 

differentiated 3T3-L1 adipocytes have been shown to contain caveolae structures as well 

as unique proteins. The presence of these proteins and structures allows for a 

compartmentalized insulin signalling event to occur, which requires co-stimulation with 

LP A. These results are important in the understanding of the generation and firnctioning 

of one of the major insulin-responsive cell types and may lead to new insights in the 

generation of Type II Diabetes. This work also provides evidence that caveolae function 

as sites of signal transduction. This observation may aid in the identification of methods 

to control aberrant signalling pathways in disease states such as cancer. 
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