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Abstract 

The fatty acid linoleic acid has been identified as a potential mediator of 

atherosclerotic plaque development.  Treatment of monocytes with linoleic acid leads to 

an increase in monocyte adhesion to endothelial cells under flow conditions; however, 

the mechanisms through which linoleic acid affect monocyte adhesion remain unclear. 

Using a combination of micropipette aspiration techniques and fluorescent microscopy, I 

tested the hypothesis that linoleic acid increases membrane tether formation between 

monocytes and endothelial cells.  

Treatment of U937 monocytes with free linoleic acid or albumin-bound linoleic 

acid reduced the cortical tension of the monocytes.  The effects of albumin-bound 

linoleic acid on the membrane were governed by the exchange of linoleic acid from 

albumin to the membrane and by the removal of fatty acids from the membrane by fatty 

acid binding sites on albumin.   

The frequency of tether formation between U937 monocytes and TNF-! 

stimulated HUVECs increased following treatment with free linoleic acid or albumin-

bound linoleic acid.  The increase in tether frequency was not due to an increase in 

monocyte deformability or adhesion receptor expression.  Tether extraction occurred 

primarily through E-selectin.  Treatment with free linoleic acid increased the localization 

of E-selectin to clathrin-coated pits suggesting an increase in the formation of 

nanoclusters of E-selectin on HUVECs.  The increase in tether frequency was blocked by 

the U73122 phospholipase C inhibitor indicating that linoleic acid increased monocyte 

adhesion through a phospholipase C mediated mechanism. 
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Treatment with free linoleic acid did not affect the threshold force for tether 

extraction or the effective viscosity of tethers extracted from HUVECs, but it decreased 

the threshold force for tether extraction from U937 monocytes and increased the 

effective tether viscosity.  Treatment with U73122 blocked the reduction in the threshold 

force indicating that linoleic acid affected the regulation of the membrane adhesion 

energy through the hydrolysis of PIP2 by phospholipase C. 

The results of the study indicated that linoleic acid promoted membrane tether 

formation by increasing E-selectin bond formation and reducing the adhesion energy 

between the U937 plasma membrane and the actin cytoskeleton through the hydrolysis 

of PIP2 by phospholipase C. 
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Chapter 1.  Introduction 

1.1 Monocytes and atherosclerosis 

 Atherosclerosis is an inflammatory disease of the medium and large sized 

arteries identified by the gradual development of lipid-laden plaques within the arterial 

wall.  In humans, lesion precursors known as fatty streaks may be observed in children 

or even infants.  The fatty streaks are formed when circulating monocytes adhere to the 

endothelium, migrate through the endothelial cell layer, and differentiate into 

macrophages that ingest modified lipoproteins found within the intimal layer of the 

artery [1].  Over a period of decades, some fatty streaks may develop into complex 

atherosclerotic lesions known as fibrous plaques.  These advanced plaques are 

composed of a fibrous cap of smooth muscle cells and extracellular matrix surrounding a 

core of lipids, cholesterol crystals, and necrotic cell debris.  Eventually these plaques 

may grow large enough to block blood flow through the vessel, or they may cause the 

endothelial lining of the vessel to rupture leading to thrombus formation [2].   

Acute manifestations of atherosclerosis include myocardial infarction, stroke, 

and renal failure.  It is estimated that 1 in 3 American adults suffer from some form of 

cardiovascular disease and that nearly $450 billion is spent annually on direct and 

indirect costs associated with cardiovascular treatment [3].  The high incidence of 

disease and costs associated with atherosclerosis have led to a broad research effort to 

understand the process of atherosclerotic development with the goals of treating and 

preventing the progression of the disease. 

One critical step in atherogenesis is the attachment of monocytes to the 

endothelium.  Monocytes are mononuclear leukocytes that originate from monoblasts in 

the bone marrow before entering the circulation [4].  Monocytes typically leave the 
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circulation within 1-3 days by attaching to the endothelium and entering the underlying 

tissue where they differentiate into tissue macrophages [5].  This process is facilitated 

by adhesive bonds that form between adhesion receptors expressed on the surface of the 

monocytes and corresponding ligands expressed on the luminal surface of endothelial 

cells [6].  Under noninflammatory conditions, monocyte efflux maintains a steady-state 

macrophage population within a given tissue; however, under inflammatory conditions, 

cytokine induced activation of the endothelium increases monocyte recruitment in order 

to increase the supply of macrophages to the inflamed tissue [7].  Monocyte attachment 

may also be enhanced by cell deformation in response to hemodynamic forces.  

Monocytes deform under normal forces resulting in an increase in contact area [8] and 

multiple bond formation [9].  Increasing the shear stress applied to rolling leukocytes 

also increases cell deformation and contact area resulting in increased adhesion to the 

vascular wall [10].  The significance of monocyte adhesion in the initiation of 

atherosclerosis is supported by observations that monocytes adhere preferentially to 

lesion-prone sites within normal blood vessels [11] and that monocytes make up 90% of 

the adherent leukocytes overlying atherosclerotic lesions induced in animal models of the 

disease [12]. 

Researchers have identified a number of factors that affect the progression of 

atherosclerosis.  One such factor under investigation is the role of serum fatty acids on 

cell function.  Changes in the composition of the serum fatty acid pool have been shown 

to induce changes in the composition of the lipid bilayer [13] and alter the fluidity of the 

cell membrane [14].  In addition to these physical effects on cell structure, exposure to 

fatty acids in vitro induces functional changes in leukocytes and endothelial cells that 

may be either anti- [15, 16] or pro-inflammatory [17-19]. Cell functions affected by fatty 

acids include receptor expression [15, 16, 20, 21], endothelial permeability [18, 22], and 

cell signaling [23]. 
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The role of fatty acids in monocyte adhesion remains unclear.  However, our lab 

recently reported that monocyte adhesion to endothelial cells in vitro may be increased 

by exposing monocytic cell lines to the polyunsaturated fatty acid linoleic acid at 

concentrations up to 23 µM [24].  Using steady flow conditions, pretreatment of 

monocytes with linoleic acid increased the frequency of membrane tether formation and 

decreased the rolling velocity of the monocytes, a behavior that could be explained by an 

increase tether formation (Figure 1.1).  The linoleic acid treatment also decreased the 

cortical tension of the monocyte indicating an increase in the deformability of the 

monocyte.  These observations suggest that linoleic acid may introduce mechanical 

alterations in the cell structure that enhance adhesion between monocytes and 

endothelial cells.  These initial results provide the motivation for this thesis. 

1.2 Specific aims 

Although the role of linoleic acid in atherosclerosis has attracted attention 

because it is easily oxidized, our previous data suggest that linoleic acid may further 

contribute to atherosclerosis by altering the mechanical properties and adhesive 

behaviors of leukocytes and the endothelium.  The objective of this study is to examine 

mechanisms by which linoleic acid increases the formation of membrane tethers between 

monocytes and endothelial cells.  I hypothesize that linoleic acid enhances monocyte 

adhesion by increasing the contact area between a monocyte and an endothelial cell or 

by facilitating the formation of membrane tethers.  The research was divided into three 

specific aims. 
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Figure 1.1:  A)  Linoleic acid treatment increases the tethering frequency of Mono Mac 6 
monocytes to human umbilical vein endothelial cells (**p < 0.02).  B)  Linoleic acid 
treatment reduces the rolling velocity of Mono Mac 6 monocytes on human umbilical vein 
endothelial cells (*p < 0.05).  Data reported in Rinker et al. (2004). 
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1.2.1 Specific aim 1 

In the study by Rinker et al. [24], linoleic acid was delivered to the cells in an 

albumin-bound state.  In this aim, I tested the hypothesis that both linoleic acid and 

serum albumin have distinct effects on the cortical tension of monocytes.  Monocytes 

were treated with linoleic acid conjugated to bovine serum albumin, fatty acid free 

bovine serum album, or linoleic acid dissolved in ethanol as linoleate.  The cortical 

tension of multiple monocytes was assessed using a micropipette aspiration technique.  

By treating monocytes with linoleate bound to albumin at varying molar ratios, I 

evaluated the role of fatty acid exchange between the albumin-bound linoleate, the cell 

membrane, and the unbound fatty acid pool on the cortical tension of monocytes.  The 

results of this aim are presented in Chapter 2. 

1.2.2 Specific aim 2 

In this aim, I tested the hypothesis that linoleic acid increases the frequency of 

membrane tether formation between a monocyte and an endothelial cell by increasing the 

contact area between the cells and altering the distribution of adhesion receptors within 

the contact region.  Following treatment with linoleic acid, a micropipette aspiration 

technique was used to push a single monocyte against a single stationary endothelial cell 

and then pull the cells apart.  Image analysis of experimental video was used to measure 

the contact area between the cells and to identify the formation of membrane tethers.  

The distribution of adhesion receptors within membrane domains was assessed using 

fluorescent antibodies and confocal microscopy techniques.  The results of this aim are 

presented in Chapter 3. 
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1.2.3 Specific aim 3 

In this aim, I tested the hypothesis that linoleic acid decreases the initial force 

required to extract a membrane tether from a monocyte or an endothelial cell.  Following 

treatment with linoleic acid, a micropipette aspiration technique was used to push an 

antibody-coated bead against a single stationary monocyte or endothelial cell and then 

pull the bead and cell apart.  Image analysis of experimental video was used to identify 

the extraction of membrane tethers from the cell membrane, measure the tether growth 

velocity, and calculate the force pulling on each tether.  A regression analysis of data 

collected from a large number tethers was used to estimate the threshold force required 

for tether extraction from each cell type.  The results of this aim are presented in 

Chapter 4.  

1.3 Linoleic acid and atherosclerosis 

Linoleic acid is an eighteen carbon polyunsaturated fatty acid containing two 

double bonds as shown in Figure 1.2.  It is an essential fatty acid that may be elongated 

to form arachidonic acid, a precursor to prostaglandins, thromboxanes and leukotrienes 

that contribute to a wide range of biological functions [25].  Linoleic acid is soluble in 

deionized water at ~560 µM [26], and it is highly soluble in 95% ethanol and other 

organic solvents [27].  In aqueous solutions, linoleic acid has a critical micelle 

concentration of ~150 µM [28, 29].  The presence of the two double bonds makes the 

molecule susceptible to oxidation in vivo via the action of lipoxygenase [30].  The 12- or 

15-lipoxygenase enzymes incorporate an oxygen atom into the cis, cis bond motif of 

linoleic acid resulting in the formation of 13-hydroperoxyoctadecadienoic acid (13-

HPODE) [31] which may be further reduced to form 13-hydroxyoctadecadienoic acid  
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Figure 1.2:  Chemical structure of linoleic acid (cis, cis-9, 12-octadecadienoic acid)  
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(13-HODE).  The oxidation of linoleic acid has been observed in both endothelial cells 

[32] and macrophages [33].  Although 12/15-lipoxygenase is located primarily in the 

cytosol, translocation to the membrane has been observed in macrophages [34].  

Membrane binding of 15-lipoxygenase increases linoleic acid oxygenation and the 

production of 13-HPODE [35]. 

Because polyunsaturated fatty acids and their metabolic products modulate 

inflammation, they play a significant role in atherosclerosis [25].  A connection between 

linoleic acid and atherosclerosis is supported by a positive correlation between coronary 

artery disease and the linoleic acid content of adipose tissue [36], disproportionately 

high levels of linoleic acid in diseased coronary arteries [37], and an association between 

diets high in polyunsaturated fatty acids and an increased risk of cardiovascular 

disease and diabetes [38].  Exposure to linoleic acid also increases superoxide 

production in macrophages [39] and increases the adhesion of lymphocytes [40] and 

monocytes [24] to endothelial cells.  Despite these observations, the role of linoleic acid 

in leukocyte adhesion remains unclear. 

Since linoleic acid is the most abundant fatty acid component of low density 

lipoproteins [41], and oxidized lipoproteins play a critical role in atherogenesis through 

the activation of numerous inflammatory events [42], numerous studies have examined 

the role of the oxidized products of linoleic acid on atherogenesis. The presence of 15-

lipoxygenase in atherosclerotic lesions has been observed in vivo in both humans [30] 

and in animal models of atherosclerosis [43, 44].  The effect of 12/15 lipoxygenase on 

monocyte attachment to the endothelium has been examined using a transgenic murine 

model designed to overproduce 12/15 lipoxygenase.  The mice exhibited an increase in 

monocyte attachment to unstimulated endothelial cells compared to background mice 

[43].  Experiments with blocking antibodies showed that approximately 70% of the 
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attached monocytes were bound through the ICAM-1/LFA-1 interaction and 30% of the 

attached monocytes were bound through the VCAM-1/VLA-4 interaction.  Flow 

cytometry analysis of endothelial cells isolated from the transgenic mice revealed an 

increase in ICAM-1 expression but no change in VCAM-1 expression.   

In vitro studies reveal both anti- and pro-inflammatory effects of linoleic acid 

that may influence monocyte adhesion.  Human coronary artery endothelial cells 

incubated with 10 µM linoleic acid for two days showed a reduction in ICAM-1 and 

VCAM-1 expression after stimulation with IL-1! and a reduction in monocyte adhesion 

under static conditions [16].  However, linoleic acid treatment of endothelial cells has 

also been shown to activate nuclear transcription factor-kappaB (NF-"B) [45], a 

regulator of adhesion molecule expression on endothelial cells [46], and to increase the 

oxidative stress in TNF-! activated endothelial cells [19]. 

1.4 Fatty acid exchange 

Long chain fatty acids are well known for their roles as metabolic substrates for 

critical cellular functions such as energy storage, membrane maintenance, and cell 

signaling.  In recent years, investigators have begun to view fatty acids, particularly 

saturated and polyunsaturated fatty acids, as potential contributors to metabolic and 

inflammatory diseases such as obesity [47], diabetes [48], and atherosclerosis [49].  

Esterified long chain fatty acids are largely insoluble in water and self-associate into 

bilayers and oil phases [50].  Unesterified long chain fatty acids are soluble in aqueous 

solutions at low concentrations and are present in the plasma at a total concentration of 

approximately 0.5 mM [51].  In salt solutions similar in composition to plasma, the 

presence of the fatty acid binding protein albumin increases fatty acid concentrations up 

to 500 times their maximum solubility in the absence of albumin [52].  These chemical 
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characteristics allow unesterified long chain fatty acids to transfer between bound and 

unbound pools of fatty acid within the serum and within the cell membrane.  

Albumin acts as the primary fatty acid transport protein in human serum [53].  

Long chain fatty acids bind to serum albumin with high affinity [54] ranging from 

2.44#106 M-1 for laurate to 2.56#108 M-1 for oleate, and binding occurs in a stepwise 

fashion at multiple binding sites with small variations in affinity [55].  The number of 

high affinity binding sites is estimated at six to seven sites per molecule of albumin [54-

56].  The binding does not exhibit cooperative effects within the physiological range of 

fatty acid to albumin molar ratios (~0.5-1.0) [54, 55].  Albumin participates in fatty 

acid transport to the cell membrane through two mechanisms.  First, the fatty acid 

binding capacity of albumin allows the protein to serve as a passive fatty acid reservoir 

[57].  Fatty acids dissociate from albumin and enter the unbound fatty acid pool where 

they become available for passive uptake by the membrane.  Second, albumin may 

stimulate cellular uptake of fatty acids through a direct interaction with the cell 

membrane [58].  The association of albumin with the membrane may also provide a 

mechanism for the clearance of fatty acids from the membrane during lipolysis [58]. 

Long chain fatty acids may enter the cell membrane by diffusion [50] or through 

a receptor transport mechanism mediated by CD36 [59].  Fatty acids may move rapidly 

through the membrane to the interior of the cell although the transport time may vary 

based on the temperature and the chemical structure of the fatty acid [60].  Transport 

across the membrane may occur through a diffusive process known as “flip-flip” or they 

may be transported by a fatty acid binding protein [50].  Fatty acids desorb rapidly and 

spontaneously from the membrane at rates dependent on the structure of the fatty acid 

[61]. 
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1.5 Monocyte adhesion to the endothelium 

Circulating monocytes become bound to the activated endothelium through a 

series of sequential events known as rolling, arrest, and firm adhesion [62] as shown in 

Figure 1.3.  The sequence is initiated through the selectin family of adhesive receptors 

when a monocyte flowing through the blood vessel follows a streamline near the vessel 

wall and a bond is formed between the monocyte and an endothelial cell.  With the 

adhesive bond in place, the shear stress arising from the fluid flow applies a torque on 

the cell that initiates a tumbling motion.  When the force applied to the bond exceeds a 

critical value, a thin tether is extracted from the cells’ membranes and slows the motion 

of the monocyte, increasing the likelihood of additional bond formation at the leading 

edge of the cell before the tether eventually ruptures [63, 64].  (Tether formation is 

discussed further in Section 1.6).  As the process of bond formation and tether rupture 

continues, the monocyte rolls along the endothelium at a velocity lower than free flowing 

cells [65] allowing for a greater degree of interaction between the two cells.  If the 

monocytes are in an activated state, the receptors in the integrin family of adhesive 

proteins undergo a conformational change that increases their affinity for their 

corresponding ligands on the endothelium.  The formation of integrin bonds stops the 

rolling process and firmly adheres the monocyte to the endothelium.  The monocyte then 

begins to migrate through the endothelium into the underlying intimal layer of the blood 

vessel wall where the monocyte differentiates into a tissue macrophage.  
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Figure 1.3:  Process of monocyte recruitment to lesion sites.  I:  Monocyte flowing 
through blood vessel.  II:  Initial bond formation between monocyte and endothelial cell.  
III:  Tethered monocyte begins to roll on the endothelium.  IV:  Monocyte adheres firmly 
to endothelium and begins to spread.  V:  Monocyte undergoes extravasation through the 
endothelium and enters into the intimal layer of the blood vessel. 
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1.5.1 Receptors involved in monocyte rolling 

In monocytes [7], the initial rolling process is mediated primarily by the selectins 

L-selectin [66], E-selectin [67], and P-selectin [68].  L-selectin is constitutively expressed 

on the tips of leukocyte microvilli, small projections from the cell membrane [69], and 

binds to sialyl-Lewis x-type carbohydrates expressed on endothelial cells [70].  E-

selectin is expressed on the surface of endothelial cells following exposure to cytokines 

such as IL-1 and TNF-! [71].  P-selectin is stored in Weibel-Palade bodies within 

endothelial cells and platelets and may be mobilized to the cell surface upon activation 

by histamine or thrombin [72].  The leukocyte ligands of E- and P-selectin have not been 

fully characterized, but P-selectin glycoprotein ligand-1 (PSGL-1) on neutrophils 

mediates rolling on both E- and P-selectin coated surfaces [73].  Both E-selectin and P-

selectin have been identified on endothelial cells overlying established atherosclerotic 

lesions [74, 75], and the absence of E- and P-selectin in transgenic mice has been shown 

to reduce lesion development [76, 77]. 

Receptor expression may be increased following exposure of endothelial cells to 

oxidized lipoproteins.  Exposure to minimally modified low density lipoprotein 

increases P-selectin expression [78], but not expression of VCAM-1, ICAM-1, or E-

selectin [79], and increases monocyte adhesion to the endothelium [80].  Exposure to 

oxidized low density lipoproteins increases the expression of NF-"B [81], P-selectin 

[82], ICAM-1 [83], and VCAM-1 [83] and increases monocyte adhesion to the 

endothelium [84]. 

1.5.2 Receptors involved in monocyte arrest 

The firm arrest of monocytes on the endothelium is mediated through the 

interaction of very late antigen-4 (VLA-4), an !4$1 integrin expressed on monocytes, 
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with vascular cell adhesion molecule-1 (VCAM-1), a member of the immunoglobulin 

superfamily expressed on endothelial cells [66, 85].  This receptor-ligand pair may also 

facilitate monocyte rolling on the endothelium [85].  Endothelial cells express VCAM-1 

in response to both chemical and mechanical stimuli.  VCAM-1 expression is increased 

in regions of low shear stress [86] and may be induced by hypercholesterolemia [87], 

exposure of endothelial cells to low density lipoproteins [88], or exposure to 

macrophage derived cytokines such as IL-1, IL-4, and TNF-! [89, 90].  VCAM-1 is not 

expressed by the lesion-free endothelium; however, immunostaining has shown that 

VCAM-1 expression is localized to the endothelium overlying macrophage-rich 

atherosclerotic lesions [91].  A VCAM-1 deficient mouse model of atherosclerosis 

exhibited a reduction in lesion formation confirming the significance of VCAM-1 in 

atherogenesis [92]. 

1.5.3 Receptors involved in cell spreading, motility, and 
transmigration 

 

 Cell spreading and motility following monocyte attachment are dependent on the 

interactions of lymphocyte function-associated antigen-1 (LFA-1), an !L$2 integrin, and 

Mac-1, an !M$2 integrin, with intercellular adhesion molecule-1 (ICAM-1), a member of 

the immunoglobulin superfamily expressed on endothelial cells [66].  Reports indicate 

that LFA-1 and Mac-1 are primarily uniformly distributed on the cell body of 

unactivated leukocytes rather than on the microvilli, but some LFA-1 and Mac-1 may be 

observed on microvilli following the activation of the cells [93, 94].  The binding of $2 

integrins with ICAM-1 is dependent on affinity and avidity changes in the integrins [95].  

Studies of LFA-1 have shown that activation of leukocytes induces an active 

conformation of LFA-1 that increases the affinity of LFA-1 to ICAM-1 [96].  Activation 

of protein kinase C, the small GTPase Rap1, or PI3-kinase [97] increases the avidity 
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(clustering) of LFA-1 which also enhances LFA-1 binding to ICAM-1 [94].  The majority 

of high affinity $2 integrins are found within LFA-1 receptors, and LFA-1 appears to 

play a greater role in the initial adhesion of leukocytes while Mac-1 helps maintain cell 

attachment over prolonged exposure to shear stresses [95].   

ICAM-1 is constitutively expressed at low levels on endothelial cells, but 

expression is upregulated in arterial regions exposed to increased shear stress [86] and 

in endothelial cells exposed to cytokines such as IL-1 and TNF-! [89].  Blocking LFA-

1/ICAM-1 interactions in vivo with blocking antibodies reduces the number of 

monocyte-derived macrophages present beneath the endothelium [98].  Additional 

evidence for the role of ICAM-1 in atherogenesis has been demonstrated by a reduction 

in lesion development in ICAM-1 deficient mice [99, 100]. 

1.5.4 Lipid rafts and adhesion receptors 

Biological membranes exhibit a heterogeneous lipid composition [101].  The 

addition of free fatty acids to membranes reveals that lipids partition into either fluid or 

gel-like domains within the lipid bilayer depending on the chemical structure of the fatty 

acid [102].  Within the lipid bilayer, sphingolipids and cholesterol may pack together to 

form highly organized microdomains known as lipid rafts [103].  Although the exact 

morphology and composition of lipid rafts is still controversial, specific proteins may 

attach to the lipid rafts giving the rafts a potentially significant role in membrane 

trafficking [104], cell signaling [105], and membrane-cytoskeleton interactions [106].  

The presence of lipid rafts in the membrane may be observed by the binding of 

fluorescently labeled cholera toxin subunit B to the ganglioside GM1, a lipid raft 

associated ganglioside [107].   

The association of adhesion receptors with lipid rafts may enhance leukocyte 

adhesion to the endothelium and leukocyte migration.  This association may be detected 
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by the colocalization of adhesion receptors with the lipid raft ganglioside GM1 [108].  

On endothelial cells, ICAM-1 [109] and E-selectin [110], but not P-selectin [111] localize 

in lipid rafts to form receptor clusters.  The clustering of E-selectin within lipid rafts 

enhances leukocyte adhesion under steady flow conditions [111].  On lymphocytes, the 

integrin LFA-1 is excluded from lipid rafts prior to cell activation [112].  Upon 

activation, LFA-1 localizes to lipid rafts leading to LFA-1 clustering and an increase in 

LFA-1 avidity [112, 113].  Localization of LFA-1 to lipid rafts is also required for 

integrin recycling during leukocyte chemotaxis.  Receptors from the trailing edge of the 

cell are endocytosed through a cholesterol-sensitive pathway as receptors are 

exocytosed at the leading edge of the cell to establish new adhesive bonds with the 

substrate [114]. 

1.6 Membrane tethers 

1.6.1 Formation of membrane tethers 

When a pulling force applied through a bond to a cell membrane receptor exceeds 

a critical value, a portion of the cell membrane may become detached from the 

cytoskeleton and drawn into a thin cylindrical tube known as a membrane tether.  

Eventually the tether may break, either due to the rupture of the membrane or the 

breaking of the bond between the receptor and ligand.  Membrane tethers have been 

examined on a wide variety of cell types including red blood cells [115], neuronal growth 

cones [116], neutrophils [64], and endothelial cells [63].  The results of these studies 

have been used to establish a mechanical model of cell membrane behavior during tether 

extraction. 

The growth velocity of the tether (Ut) is proportional to the force applied to the 

tether (F).  Recent evidence suggests that there is a nonlinear power law dependence 
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between F and Ut due to a shear thinning effect in the membrane.  According to this 

model, the tether radius decreases as the tension within the tether increases [117].  

Despite these observations, most studies of tether formation use a linear model of tether 

growth that serves as a reasonable approximation of the nonlinear model [117, 118].  

The linear relationship between the force and the tether growth velocity is an indication 

that the viscous resistance encountered during tether extraction is a Newtonian process 

[118].  This relationship may be expressed as shown in Equation 1.1: 

! 

F = F
0

+ 2"µeffUt      (1.1) 

where µeff is the effective viscosity of the membrane and F0 is the threshold force that 

must be overcome in order to extract a tether from the membrane.  

F0 is dependent on the adhesion energy between the cell membrane and the 

cytoskeleton (!), the bending modulus of the cell membrane (B), the far-field tension (T) 

within the membrane, and the tether radius (Rt) [118].  The relationship among these 

parameters is shown in Equation 1.2: 

    

! 

F
0

= 2"R
t
(T + #) + "B /R

t
    (1.2) 

The bending modulus of a lipid bilayer is quite small, approximately 2.7#10-19 N%m for 

neuronal growth cones [118, 119] and 1-2#10-18 N%m for neutrophils [120], compared to 

the tether radius, approximately 200 nm for neuronal growth cones.  This suggests that 

F0 is dependent primarily on the membrane tension and the adhesion energy between the 

membrane and cytoskeleton. 

 As shown in Equation 1.1, the linear relationship between the force and the 

tether growth velocity is proportional to the effective viscosity of the tether.  This 

viscous term represents a combination of three separate sources of viscous resistance to 

tether flow [118] as shown in Equation 1.3: 

   

! 

µeff = 2µm + µsih
2
ln(R0 /Rt ) + µscRt

2
ln(R0 /Rt )  (1.3) 
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where µm is the membrane surface viscosity, µsi is the slip viscosity between the inner and 

outer layers of the lipid bilayer, µsc is the slip viscosity between the membrane and the 

cytoskeleton, h is the membrane thickness, Rt is the tether radius, and R0 is the far-field 

radius [118].  Although µsi (~115 pN%s/µm3 [121]) is larger than µsc (~1 pN%s/µm3 [118]) 

the slip viscosity between the membrane and the cytoskeleton dominates the overall 

effective viscosity because Rt (~200 nm) is much larger than h (~4 nm) and the third 

term is proportional to the square of Rt.  Thus, both F0 and µeff likely depend on 

interactions between the lipid bilayer and the cytoskeleton. 

 When a monocyte adhesion receptor at the tip of a microvillus forms a bond with 

the endothelial substrate, the pulling force on the bond (Fb) is balanced by a force (Fs) 

and a torque (Ts) arising from the fluid shear stress (") as shown in Figure 1.4.  Assuming 

a cell radius of R, an initial microvillus length of L, and a moment arm of l, Equations 

1.4-1.7 may be solved simultaneously to calculate the pulling force during tether 

elongation [122]. 

    

! 

" = arctan
R

l
+ arccos

L
2

+ l
2

2L R
2

+ l
2

 (geometry)  (1.4) 

  

! 

F
b
cos" = F

s
= 32.05#R

2   (force balance) (1.5) 

    

! 

F
b
lsin" = T

s
+ RF

s
= 43.91#R

3  (torque balance) (1.6) 

  

! 

F
b

= F
0

+ k
2

dL

dt
  (tether extraction) (1.7)  

Tether extraction lengthens the moment arm resulting in a reduction of the pulling force 

on the cell [63, 122].  The reduced pulling force increases the bond lifetime and reduces 

the chance of receptor extraction from the membrane.  Thus, tether elongation helps keep 

the monocyte in contact with the endothelium prior to firm arrest. 
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Figure 1.4:  Force balance on a tethered monocyte.  L is tether length.  l is the length of 
the moment arm.  R is the cell radius.  Fb is the pulling force applied to the bond.  Fs and 
Ts are the force and torque imposed on the cell by the fluid shear stress.  (Diagram 
presented in Shao et al., PNAS 95(12): 6797-6802, 1998)      
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Studies of the mechanics of membrane tether extraction have focused primarily 

on the threshold force and the effective viscosity of the tether.  The threshold force 

required to pull a tether is dependent on the cell type, but not the receptor used to 

extract the tether [63, 123] as shown in Table 1.1.  The threshold force is also 

independent of the linkage of the membrane receptor to which the force is applied and 

the underlying cytoskeleton [63, 123].  However, disruption of the actin cytoskeleton 

with cytochalasin D or latrunculin A significantly reduces both the threshold force and 

the effective viscosity of the tether (Table 1.2).  These observations indicate that tether 

properties are dependent on the broad interaction of the cytoskeleton with the lipid 

bilayer.   

The adhesion energy between the cytoskeleton and the lipid bilayer is regulated 

by phosphatidylinositol 4,5-bisphosphate (PIP2) in the plasma membrane [124].  PIP2 

affects the function of a number of actin-associated cytoskeletal proteins [125] and 

contributes to remodeling of the actin cytoskeleton [126].  Sequestration or hydrolysis of 

PIP2 alters the local concentration of PIP2 leading to localized changes in the adhesion 

energy [124]. 

1.6.2 Membrane tethers from leukocytes and endothelial cells 

Micropipette aspiration techniques have been used to investigate tether 

formation from neutrophils and endothelial cells [63, 64, 123, 127, 128].  Although 

neutrophils and monocytes are not likely to have identical membrane mechanical 

properties, data collected from neutrophils provides insight into the general process of 

tether formation between leukocytes and endothelial cells.  Tethers extracted from 

neutrophils have a threshold force of ~46 pN and an effective viscosity of ~1.8 

pN%s/µm2 [128], and tethers extracted from endothelial cells have a threshold force of 

~51 pN and an effective viscosity of ~0.55 pN%s/µm2 [63].  The similarity in threshold 
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Table 1.1:  The threshold force for tether formation (F0) and the effective viscosity of the 
tether (µeff) are specific for individual cell types. 

 

Cell type F0 (pN) µeff (pN%s/µm2) Reference 

neutrophil 46 1.8 Shao et al (2002) 

HUVEC 51 0.55 Girdhar et al (2004) 

neuronal growth 
cone 

6.7 0.24 Dai et al (1995) 

red blood cell 50 16.99 Waugh et al (1995) 
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Table 1.2: The threshold force for tether formation (F0) and the effective viscosity of the 
tether (µeff) may be altered with chemical treatments. 

 
 

Cell type F0 (pN) µeff (pN%s/µm2) Treatment Reference 

neutrophil 46 1.8 none 
Shao et al 

(2002) 

neutrophil 31 0.51 100 µM cytochalasin D 
Shao et al 

(2002) 

neutrophil 22.5 0 0.3 µM latrunculin A 
Marcus et al 

(2002) 
     

EAhy.926 
endothelial 

cell 
29 - none Sun et al (2005) 

EAhy.926 
endothelial 

cell 
15 - 0.5 µM latrunculin A Sun et al (2005) 
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force observed on neutrophils and endothelial cells suggests that when a force is applied 

to bond between a neutrophil and an endothelial cell, a tether may be extracted 

simultaneously from both cells.  The lower viscosity of endothelial cell tethers suggests 

that endothelial cell tethers may extend more rapidly during tether extraction [63].  Both 

cell types can also support the extraction of multiple tethers if multiple bonds form 

within the contact region [129, 130].  The extraction of multiple tethers reduces the 

pulling force applied to each bond more effectively than a single tether under the same 

shear stress [130].  Multiple tether formation further increases the bond lifetime to 

stabilize rolling and to facilitate firm arrest [129, 130]. 

Based on these observations, there are multiple scenarios for tether formation 

between a leukocyte and an endothelial cells when the two cells come into contact.  First 

a single tether may be extracted from only one cell.  Second, multiple tethers may be 

extracted from only one cell.  Third, a single tether may be extracted simultaneously 

from both cells.  Finally, multiple tethers may be extracted simultaneously from both 

cells.  A diagram summarizing these scenarios is shown in Figure 1.5.  Simultaneous 

tether extraction has been demonstrated in vitro [131], and a model of tether extraction 

suggests that simultaneous tether extraction increases the tether lifetime compared to a 

tether extracted from a neutrophil alone [132] and allows more transient tethers to 

transition to stable leukocyte rolling. 

1.7 Leukocyte cortical tension 

Leukocytes in circulation normally exhibit a spherical shape with considerable 

excess surface area. The excess surface area enables the cells to undergo significant 

deformation as they move through capillaries or as they migrate between endothelial 

cells into the blood vessel wall.  In vitro observations showing that leukocytes may 

undergo significant deformation under applied forces, yet recover their spherical shape 
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Figure 1.5:  Schematic of possible modes of tether extraction between an endothelial cell 
and a leukocyte.  A)  Tether extraction from endothelial cell only.  B)  Tether extraction 
from leukocyte only.  C)  Multiple tethers extracted from endothelial cell only.  D)  
Multiple tethers extracted from leukocyte only.  E)  Simultaneous extraction of a single 
tether from the endothelial cell and the leukocyte.  F)  Simultaneous extraction of 
multiple tethers from the endothelial cell and the leukocyte.  (Schematic presented in Yu 
and Shao, Biophysical J 92:418-429, 2007) 
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when the force is removed, suggested that leukocyte structure resembles that of a liquid 

drop [133].   The recovery time following deformation depends on the extent of the 

deformation.  For small deformations, granulocytes recover their shape in 1-2 seconds; 

however, the recovery time is on the order of 20-80 seconds for large deformations 

following partial aspiration into a micropipette [133].  In the liquid drop model, the 

cytoplasm is treated as a highly viscous Newtonian or power law fluid surrounded by a 

membrane cortex that produces a cortical tension and maintains the cell’s spherical 

shape when the cell is not under stress [134].  Under small strains, this model has been 

used to describe the mechanical response of neutrophils that have been partially or fully 

aspirated into small micropipettes [135, 136].  When cells are exposed to high strains 

through rapid aspiration into pipettes, the model must be adjusted to include a shear-

thinning liquid surrounded by a cortex with a surface viscosity in addition to the elastic 

tension in order to describe the cell’s behavior [137, 138].  At this time, there is not a 

single model that can fully describe leukocyte deformation over a wide range of 

conditions. 

The physical presence of a membrane cortex with a thickness of 0.05-0.1 µm has 

been demonstrated on the inner surface of the neutrophil membrane [120].  The cortex is 

composed of a thin layer of filamentous actin (F-actin) [139] cross-linked by myosin I 

[140].  Disruption of the F-actin cytoskeleton with cytochalasin B or D [141, 142] or 

lowering myosin I levels through genetic mutations [140] reduces the cortical tension of 

the cell by approximately 50%.  The cortical tension is dependent on cell type and has 

been reported in passive neutrophils as approximately 35 pN/µm [120, 143] and 82 

pN/µm in Mono Mac 6 monocytes [24]. 
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1.8 Cell deformation and leukocyte adhesion 

Since hemodynamic forces are applied to leukocytes in atherosclerosis-prone 

regions of the vasculature, cell deformation may play a significant role in atherogenesis.  

Researchers have observed a 3.6-fold increase in contact area between leukocytes and 

the endothelium after increasing flow rates through rat venules [10].  At a given shear 

stress, contact area may increase with bond formation at the leading edge of the cell and 

decrease with bond rupture at the trailing edge of the cell [144].  The application of a 

normal force to a neutrophil in contact with an antibody-coated bead has been 

associated with an increase in contact area and adhesion probability [8], an observation 

that is consistent with theoretical models of leukocyte adhesion [145].  Models of 

leukocyte deformation also suggest that cell deformation may be increased by a 

reduction in the cell’s cytoplasmic viscosity or cortical tension [8].  Modulation of the 

fatty acid content of cell membrane has been demonstrated to reduce the cortical tension 

of monocyte membranes [24] and increase the deformability of leukocytes [13, 24].  The 

increase in monocyte deformation was associated with an increase in adhesion to 

endothelial cells, but a causal relationship was not established. 

1.9 Significance of work 

Monocyte adhesion to the endothelium is a critical step in the development of 

atherosclerosis.  The adhesion process is facilitated by the extraction of membrane 

tethers from the lipid bilayers of both cell types.  Although membrane tethers have been 

characterized for endothelial cells and neutrophils, no data has been reported for 

monocytes.   

Linoleic acid has been linked to atherosclerotic plaque development; however, its 

role in monocyte adhesion remains uncertain.  An in vitro flow study published by this 
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lab reported an increase in monocyte tethering to the endothelium following treatment of 

the monocytes with linoleic acid, but the study did not address the mechanisms by 

which linoleic acid might enhance the formation of membrane tethers. 

In this thesis, I will investigate the role of linoleic acid in membrane tether 

extraction from monocytes and endothelial cells.  I hypothesize that linoleic acid 

enhances monocyte adhesion by increasing the contact area between monocytes and 

endothelial cells or by facilitating the formation of membrane tethers from monocytes 

and endothelial cells.  This study will provide the first report of the mechanical 

properties of tethers extracted from monocytes and provide new insights into the role of 

linoleic acid in monocyte adhesion to the endothelium. 
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Chapter 2.  Effects of fatty acid exchange on U937 cortical 

tension 

 

2.1 Introduction 

Fatty acids affect the development of cardiovascular disease through pro- and 

anti-inflammatory effects on cell function [146, 147].  Both n-3 and n-6 polyunsaturated 

fatty acids modulate the adhesion of monocytes to the endothelium.  For example, 

treatment of endothelial cells with docosahexaenoic acid (22:6(n-3)) or eicosapentaenoic 

acid (20:5(n-3)) reduces monocyte adhesion to endothelial cells [20, 148, 149].  

Treatment of endothelial cells with linoleic acid (18:2(n-6)) reduces monocyte adhesion 

under static conditions [16, 150]; however, treatment of monocytes with linoleic acid 

enhances monocyte adhesion under flow conditions [24].  Although polyunsaturated 

fatty acids affect adhesion molecule expression on cytokine stimulated cells [16, 20, 21], 

increased monocyte-endothelial cell interactions following fatty acid treatment cannot be 

explained by receptor expression alone [24].  Thus, polyunsaturated fatty acids may 

induce additional physiological changes in cells that affect monocyte recruitment during 

atherogenesis. 

Linoleic acid, an 18-carbon polyunsaturated fatty acid with two double bonds 

(18:2(n-6)), has been associated with atherosclerosis through a positive correlation 

between coronary artery disease and the linoleic acid content of adipose tissue [36], 

disproportionately high levels of linoleic acid in diseased coronary arteries [37], and an 

association between diets high in polyunsaturated acids and an increased risk of 

cardiovascular disease [38]. The double bonds present in the molecule enable linoleic 

acid to be oxidized by the 12- or 15-lipoxygenase enzymes to produce 9-
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hydroxyoctadecadienoic acid (9-HODE) or 13-hydroxyoctadecadienoic acid (13-

HODE) [30, 32].  Both 9-HODE and 13-HODE have been observed in oxidized low 

density lipoproteins [151] and atherosclerotic plaques [152].  15-lipoxygenase activity 

has also been identified in early lesions of atherosclerosis [30], and animal models of 

atherosclerotic lesion development show that monocyte attachment may be attenuated 

by a lipoxygenase inhibitor [153] or enhanced by an overproduction of 15-lipoxygenase 

[43]. 

Unesterified long chain fatty acids such as linoleic acid are commonly bound to 

albumin, the primary fatty acid transport protein present in serum [53].  Although a 

pool of free fatty acids is present in human serum at an estimated concentration of 7 nM 

[154], binding to albumin increases total free fatty acid concentrations up to 500 times 

their maximum solubility in salt solutions with a composition similar to plasma [52].  

Binding to albumin occurs in a stepwise fashion at multiple high affinity binding sites 

[54].  A total of 6-7 high affinity binding sites has been reported [54-56].  Albumin may 

aid in the transport of fatty acids to the lipid bilayer through two mechanisms.  First, 

albumin may act as a passive reservoir of fatty acids that dissociate from albumin into 

the pool of free fatty acids and then enter the lipid bilayer [57].  Second, albumin 

interacts with the cell membrane and stimulates the transfer of fatty acids from albumin 

to the lipid bilayer [58].  Albumin has also been shown to enhance the efflux of fatty 

acids from the lipid bilayer into culture media in vitro [155]. 

Our lab has previously reported that the incubation of monocytes with long chain 

fatty acids reduces the cortical tension of the monocytes [24].  The cortical tension arises 

from a thin cortex of myosin-cosslinked filamentous actin located along the inner surface 

of the lipid bilayer [139, 140].  The cortical tension allows leukocytes to maintain a 

spherical shape under resting conditions and to recover their spherical shape following 

deformations encountered in vivo as the cells move through capillaries or migrate through 
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the endothelium [143].  We showed that a 4-hour incubation of monocytes in media 

supplemented with linoleic acid conjugated to bovine serum albumin (BSA) significantly 

reduced the cortical tension at linoleic acid concentrations ranging from 1 to 46 µM.  

Treatment with stearic acid (18:0) and oleic acid (18:1(n-6)) did not significantly alter 

the cortical tension of the monocytes.  The results suggested that exposure to linoleic 

acid decreased the cortical tension of monocytes which led to an increase in monocyte 

deformability.  We also observed an increase in monocyte adhesion to endothelial cells 

under flow conditions following linoleic acid treatment of the monocytes.  Our results 

suggested that exposure to linoleic acid may enhance the recruitment of monocytes to the 

endothelium through changes in the deformability of the monocyte.   

Although we attributed our previous results to the incorporation of linoleic acid 

into the monocytes, the role of albumin in the transport of linoleic acid between the 

culture medium and the lipid bilayer was not directly assessed.  Since serum albumin is 

known to interact with membrane fatty acids, I hypothesized that linoleic acid and 

serum albumin have distinct effects on the cortical tension of the monocyte membrane 

and that changes in cortical tension observed following treatment with albumin-bound 

linoleic acid were dependent on fatty acid exchange between albumin and the cell 

membrane.  U937 monocytes were incubated in medium supplemented with linoleic acid 

conjugated to BSA (LA-BSA), fatty acid (FA) free BSA, or linoleate dissolved in ethanol 

(LA-EtOH).  It was shown that incubation with linoleate or FA-free BSA reduced the 

cortical tension of the cell membrane.  Using linoleate bound to BSA at various molar 

ratios, it was shown that the cortical tension may be manipulated through fatty acid 

exchange between the albumin-bound fatty acids, the cell membrane, and the unbound 

fatty acid pool.  Finally, I blocked PIP2 hydrolysis to investigate the role of actin-

phospholipid linkages in the cortical tension reduction observed following linoleic acid 

treatment. 
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2.2 Materials and methods 

2.2.1 Monocyte cell culture 

A sample of the U937 monocyte cell line [156] was acquired from the American 

Type Culture Collection (Manassas, VA) through the Duke Univeristy Cell Culture 

Facility.  U937 cultures were maintained in vented tissue culture flasks in a cell 

incubator at 37 ˚C with a 5% CO2 atmosphere.  The growth medium was composed of 

RPMI 1640 (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum 

(Hyclone, Logan, UT), 10 mM HEPES (Gibco, Carlsbad, CA), 4.5 g/L glucose (Sigma 

Aldrich, St. Louis, MO), 1 mM sodium pyruvate (Gibco, Carlsbad, CA), and 1.5 g/L 

sodium bicarbonate (Gibco, Carlsbad, CA).  The culture medium was exchanged every 

two days by centrifugation of the culture and subsequent resuspension in fresh medium 

at a concentration of 5#105 viable cells/mL.  Cell viability was assessed by trypan blue 

exclusion and typically ranged from 95-98%. 

For cortical tension experiments, a subculture of U937 monocytes was 

centrifuged and resuspended at a concentration of 7.5#105 cells/mL in fresh culture 

medium containing the desired concentration of the appropriate experimental culture 

supplement (LA-EtOH, ethanol, FA-free BSA, LA-BSA, or the phospholipase C 

inhibitor U73122).  The cells were incubated under the treatment conditions at 37 ˚C 

with a 5% CO2 atmosphere for a total of four hours prior to the cortical tension 

experiment.  A total of 747 U937 cells with an average diameter of 15.75 ± 1.01 µm 

(mean ± SD) were tested during this study. 

For the inhibition of phospholipase C, cells were pretreated with 1 µM U73122 

(Cayman Chemical, Ann Arbor, MI) from a 1 mM stock solution of U73122 in 100% 

EtOH for 30 minutes.  The culture was then supplemented with the addition of either 50 
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µM LA-EtOH, 25 µM FA-free BSA, or 50 µM LA conjugated to BSA at a 2:1 molar ratio 

for 4 hours.  U73122 remained present at a concentration of 1 µM throughout the entire 

incubation.  Cortical tension measurements were performed in an experimental chamber 

filled with medium from the incubation. 

2.2.2 Micropipette aspiration technique 

2.2.2.1 Micropipette preparation 

Six-inch long glass capillary tubes with an outer diameter of 0.75 mm and an 

inner diameter of 0.4 mm (A-M Systems, Sequim, WA) were washed three times in 

acetone by aspirating and discarding the acetone and then boiled in a 50% ethanol 

solution under vacuum for 30 minutes.  The ethanol within the tubes was discarded and 

the capillaries were dried under vacuum.  Micropipettes were fabricated by placing a 

capillary tube in a vertical pipette puller (David Kopf Instruments, Tujunga, CA) and 

heating the glass at the center until the capillary was pulled in half.  This procedure 

resulted in the formation of two hollow micropipettes with finely tapered tips.  The tip 

of each pipette was cut using a microforge to create a flat tip with an inner diameter that 

was determined by the position of the cut along the length of the pipette.  The 

micropipette was filled with a warm solution of 1% FA-free BSA (Sigma Aldrich, St. 

Louis, MO) in Dulbecco’s phosphate buffered saline containing Ca2+ and Mg2+ (DPBS; 

Gibco, Carlsbad, CA) immediately prior to use in order to reduce nonspecific adhesion 

between the cell and the capillary glass.  A total of 116 pipettes with an average 

diameter of 7.48 ± 0.53 µm (mean ± SD) were prepared for this study. 

2.2.2.2 Setup of the micropipette aspiration system 

A diagram of the micropipette aspiration system is shown in Figure 2.1.  An 

experimental chamber was formed by the adhesion of two glass coverslips to the top 
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and bottom of two parallel microscope slides leaving two sides open to the atmosphere.  

The chamber was placed on the stage of an inverted microscope with a 40x oil 

immersion objective and a 10x eyepiece.  The large end of the fluid filled micropipette 

was inserted into a chuck containing a rubber o-ring that sealed around the outside of 

the pipette.  The chuck was connected to an elevated water reservoir via a segment of 

water-filled Tygon& tubing.  The path between the water reservoir and the chuck was 

cleared of any air bubbles prior to the insertion of the pipette.  The chuck was then 

mounted on a micromanipulator that could control the position of the pipette in three 

dimensions.  The chamber was filled with warm U937 growth medium before the tip of 

the pipette was inserted into the chamber and positioned within the visual field. 

The relative pressure between the inside of the pipette and the fluid within the 

chamber was controlled by the height of the water reservoir connected to the pipette.  

The reservoir could be moved up or down using a micrometer with a resolution of 0.01 

mm, corresponding to a pressure change of 1 dyn/cm2 = 0.1pN/µm2 = 0.1 Pa.  To set 

the relative pressure to zero, a small piece of cell debris was aspirated into the pipette 

after cells were added to the chamber, and the motion of the debris within the pipette 

was  

closely observed.  The height of the reservoir was adjusted until the debris did not move 

indicating that the pressure within the pipette was equal to the pressure within the 

chamber.  This procedure was performed periodically throughout each experiment since 

evaporation of fluid from the chamber affected the pressure within the chamber.   
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Figure 2.1:  Schematic of micropipette aspiration system (side view). 
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2.2.2.3 Data acquisition 

Video images of the micropipette experiments were recorded using a CCD 

camera (Hamamatsu Photonics, Hamamatsu, Japan) connected to a VHS video cassette 

recorder (Panasonic, Secaucus, NJ).  The data were digitized at 30 frames per second 

using a frame grabber board installed in a Macintosh computer (Apple, Cupertino, CA).  

ImageJ image analysis software [157] (NIH, Bethesda, MD) was used to make 

measurements of the cell diameter and inner diameter of the pipette.  The image scale 

was determined from an image of a scaled micrometer mounted on a microscope slide 

recorded prior to each experiment.  

2.2.3 Measurement of cortical tension 

The cortical tension of the U937 membrane was measured using the micropipette 

technique developed by Evans and Yeung [143].  The micropipette system was set up as 

previously described.  A 5 µL sample of the experimental cell culture was injected into 

the chamber on the microscope stage.  The cells were allowed to settle to the bottom of 

the chamber and the chamber was moved to find a healthy, spherical monocyte.  Once a 

suitable cell was identified, the tip of the pipette was positioned near the cell.  The 

micropipette water reservoir was slowly lowered to induce a small suction pressure 

within the pipette and pull the cell onto the tip of the pipette.  The cell was lifted off the 

bottom surface of the chamber before lowering the suction pressure further. 

The water reservoir was lowered in small increments to increase the suction 

pressure and pull the cell membrane into the pipette.  This process was continued until 

length of the cell extension inside the pipette, Lp, was equal to the inner radius of the 

pipette, Rp, and no further flow into the pipette was observed.  At this critical suction 

pressure, 'Pc, the cell formed a hemispherical cap within the pipette as shown in Figure 

2.2.  The law of Laplace may be applied the membrane interfaces within the pipette and 
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within the chamber to create a force balance between the critical suction pressure and 

the tension in the membrane, Tc, as shown in the Equation 2.1: 
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 When the critical suction pressure was reached, the height of the water reservoir 

was recorded, and a few seconds of video were recorded as previously described.  The 

critical suction pressure in Equation 2.1 was determined by the change in height of the 

water reservoir from the zero relative pressure position.  The water reservoir was then 

reset to the zero position, and the cell was discarded before repeating the procedure on 

a new cell.  All cortical tension experiments were performed within one hour of adding 

the cells to the chamber. 

2.2.4 Measurement of free fatty acids 

 Free fatty acid concentrations were measured using an ADIFAB assay kit (FFA 

Sciences, San Diego, CA) [158].  ADIFAB is a fluorescent fatty acid binding protein with 

an emission wavelength that changes from 432 nm when unbound to 505 nm after 

binding to a fatty acid.  The ratio, the R value, of the two emission peaks reflects the 

amount of fatty acid present in the sample.  Lyophilized ADIFAB was hydrated in 

storage buffer consisting of 50 mM Tris, 1 mM EDTA, 0.5 mM PMSF, and 0.05% sodium 

azide at pH = 8.0 to create a stock solution of approximately 100 µM ADIFAB.  

Fluorescence intensities at 432 nm and 505 nm were measured following excitation at 

386 nm using a fluorescence spectrophotometer (Varian, Palo Alto, CA).  Samples were 

prepared in a measurement buffer containing 20 mM HEPES, 150 mM NaCl, 5 mM KCl, 

and 1mM Na2HPO4 at pH = 7.4.  Ten scans were taken for each sample.  First the 

background intensities of the measurement buffer in a quartz cuvette were measured at  
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Figure 2.2:  A) Schematic of cortical tension experiment.  Cell was aspirated until 
Lp=Rp.  B) Sample image taken from a cortical tension experiment. 
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432 nm and 505 nm at room temperature.  Second, 0.2 µM ADIFAB was added to the 

cuvette and the intensity measurements were repeated.  These values were used to 

calculate the Ro value in Equation 2.2: 
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Finally, 5 µL of the sample solution was added to the cuvette.  The intensities were 

measured at 432 nm and 505 nm and used to calculate the R value in Equation 2.3: 
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Using a dissociation constant of Kd = 0.67 µM for linoleic acid or Kd = 0.44 µM as a 

weighted average for fatty acids present in serum [158], the free fatty acid concentration 

in the cuvette was determined by Equation 2.4: 
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The amount of fatty acid bound to ADIFAB was calculated using Equation 2.5: 

  
  

! 

ADIFABbound[ ] =
ADIFABtotal[ ] " 19.5 " (R #Ro)
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   (2.5) 

The total amount of fatty acid in the cuvette was equal to the free fatty acid 

concentration plus the concentration of fatty acid bound to ADIFAB.  The total 

concentration of the sample solution was determined from the total fatty acid 

concentration in the cuvette with an adjustment to account for fatty acid binding to the 

cuvette (approximately 15% binding for linoleic acid [158]) and the dilution factor of the 

sample solution in the measurement buffer.  
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2.2.5 Statistical analysis 

All data are presented as mean ± standard error of the mean.  The statistical 

significance of treatments was assessed with a one-way ANOVA followed by a Tukey 

post hoc analysis using InStat statistical software (GraphPad Software, La Jolla, CA).  

A p-value less than 0.05 was considered statistically significant. 

2.2.6 Model of linoleate binding to albumin 

To determine the theoretical value of free linoleate present when linoleate was 

added to albumin at varying molar ratios, two models of linoleate-albumin binding were 

developed in MATLAB (MathWorks, Natick, MA) and compared.  The MATLAB code 

is presented in Appendix A. 

In the first model, albumin was assumed to have seven binding sites with 

equivalent equilibrium constants for linoleate.  The value of the equilibrium constant was 

assumed to be 0.01 µM based the equilibrium constant of linoleate for the first binding 

site of albumin [54].  For a protein with multiple binding sites (i = 1, n) with the same 

equilibrium constant (K), the amount of ligand (L) bound to the protein (P) is: 
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where CPnL represents all bound forms of the ligand.  In the case of seven bindings sites 

with comparable concentrations of protein and ligand: 
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The amount of free linoleate was determined from the value of CPnL and the total 

concentration of linoleate. 

 In the second model, each individual fatty acid binding site was assumed to have 

a unique equilibrium constant.  The constants used were obtained from Ashbrook et al. 

for linoleate binding to albumin [54].  Binding of the linoleate ligand to the seven albumin 

binding sites was assumed to be a sequential process: 
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The equilibrium constants can be written as 
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where i = 1, 2…7 and CPL0 = CP.  The concentration of free linoleate was calculated by 

subtracting the amount of linoleate bound to each site from the total concentration of 

linoleate.  The MATLAB code for the model is provide in Appendix A. 

2.3 Results  

2.3.1 Effects of LA-BSA treatment on U937 cortical tension 

The cortical tension of U937 cells treated with a solution containing a 2:1 molar 

ratio of LA to BSA (Sigma Aldrich, St. Louis, MO) was measured using the micropipette 

technique previously described.  Cells were treated with total linoleic acid 

concentrations of 0 µM, 23 µM, 50 µM, 85 µM, and 100 µM.  The cortical tension was 

measured for 14 cells at each treatment condition except 23 µM LA-BSA where 21 cells 

were measured.  As shown in Figure 2.3, the cortical tension of the U937 membrane 
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Figure 2.3:  Cortical tension of the U937 cell following a 4 hour treatment with a 
solution containing a 2:1 molar ratio of linoleic acid to bovine serum albumin. Data are 
presented as mean ± SEM.  N = 14 for all conditions except 23 µM LA for which n = 21.  
Compared to untreated controls, cortical tension was significantly reduced following 
treatment with a linoleic acid concentration of 50 µM (***p < 0.001) and 85 µM (*p < 
0.05) as determined by a one-way ANOVA and Tukey post hoc test. 

 

 * 

 *** 



 

42 

decreased with increasing LA-BSA concentrations up to 50 µM.  At concentrations 

above 50 µM LA-BSA, the cortical tension began to rise.  A statistical analysis indicated 

that relative to the untreated control, the cortical tension was significantly reduced 

following the 50 µM LA-BSA treatment (p < 0.001) and the 85 µM LA-BSA treatment 

(p < 0.05).  These trends are consistent with the results reported by Rinker et al. (2004) 

for the Mono Mac 6 monocytic cell line although the change in tension in Mono Mac 6 

cells occurred at lower LA treatment concentrations [24].  In Mono Mac 6 cells, cortical 

tension dropped significantly (p < 0.02) from approximately 80 pN/µm in untreated 

controls to approximately 38 pN/µm following a 4 hour treatment with 23 µM LA-BSA.  

A rise in cortical tension to control levels was observed following treatment of Mono 

Mac 6 cells with 58 µM LA-BSA. 

2.3.2 Effects of FA-free BSA treatment on U937 cortical tension 

 In order to evaluate the effect of BSA on cortical tension, U937 cells were treated 

with a fatty-acid free BSA solution (Sigma Aldrich, St. Louis, MO) at total 

concentrations of 0 µM, 5 µM, 11.5 µM, 25 µM, 42.5 µM, and 50 µM.  This range 

included concentrations equivalent to the amount of BSA present in the previous 

experiment.  The cortical tension was measured for 14 cells at each treatment condition 

except 11.5 µM BSA where 21 cells were measured.  As shown in Figure 2.4, the cortical 

tension of the U937 membrane decreased with increasing BSA concentrations up to 25 

µM BSA.  At BSA concentrations of 42.5 µM and 50 µM, the cortical tension was higher 

than at 25 µM BSA.  A statistical analysis indicated that relative to the untreated 

control, the cortical tension was significantly reduced following treatment with 11.5 µM 

BSA (p < 0.001), 25 µM BSA (p < 0.001), and the 42.5 µM BSA (p < 0.05).  At 5 µM 

and 50 µM BSA, the cortical tension was no different than control values. 
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Figure 2.4:  Cortical tension of the U937 cell following a 4 hour treatment with fatty 
acid-free BSA. Data are presented as mean ± SEM.  N = 14 for all conditions except 23 
µM LA for which n = 21.  Compared to untreated controls, cortical tension was 
significantly reduced following treatments with fatty acid free BSA concentrations of 
11.5 µM (***p < 0.001), 25 µM (***p < 0.001), and 42.5 µM (*p < 0.05) as determined by 
a one-way ANOVA and Tukey post hoc test. 
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2.3.3 Effects of linoleic acid on U937 cortical tension 

The previous results do show that incubation of U937 cells with BSA can affect 

cortical tension.  The effect of LA-BSA could be due to LA, BSA, or a combination of 

both.  To test the effects of linoleic acid alone on cortical tension without the presence of 

BSA, U937 cells were treated with a sodium salt of linoleic acid, sodium linoleate, 

dissolved in 100% ethanol (LA-EtOH).  Linoleic acid is much more soluble in EtOH 

(~30 M in 95% EtOH [27]) than in aqueous solutions (~560 µM [26]).  A stock solution 

of 50 mM LA-EtOH was mixed and stored as aliquots at -20 ˚C.  Aliquots were thawed 

prior to the initiation of the experimental culture.  Cells at 7.5#105 cells/mL were treated 

with total linoleate concentrations of 1 µM, 23 µM, 50 µM, and 85 µM.  The cortical 

tension was measured for 14 cells at each treatment condition.  As shown in Figure 2.5, 

the cortical tension decreased as the linoleate concentration increased from 0 to 50 µM 

LA-EtOH.  The cortical tension began to rise as the linoleate concentration increased 

from 50 to 85 µM LA-EtOH.  A statistical analysis indicated that the decrease in 

cortical tension from 0 to 50 µM LA-EtOH was significant (p < 0.001).  To control for 

the effects of EtOH present in the linoleate solution, cells were treated with volumes of 

100% ethanol equivalent to the volume of stock solution added to each experimental 

culture.  The EtOH treatment corresponding to each linoleate treatment is presented in 

Figure 2.5 next to the data from the linoleate treatment.  A statistical analysis confirmed 

that EtOH had no significant effect on cortical tension at the treatment levels used in 

these experiments.  Thus the reduction in cortical tension observed following the LA-

EtOH treatment was due solely to linoleic acid. 
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Figure 2.5:  Cortical tension of the U937 cell following treatment with the linoleic acid 
sodium salt dissolved in 100% ethanol.  Data are presented as mean ± SEM.  N = 14 for 
all conditions.  White bars represent a control treatment with an equivalent amount of 
100% ethanol alone.  A one-way ANOVA and Tukey post hoc test indicated that 
ethanol had no effect on cortical tension, and linoleic acid treatment at 50 µM LA 
significantly reduced the cortical tension (**p < 0.01). 

** 



 

46 

2.3.4 Effects of LA:BSA molar ratio on U937 cortical tension 

Albumin has been reported to have approximately 6-7 high affinity fatty acid 

binding sites [54-56].  To investigate the effects of the number of free binding sites 

present on albumin on U937 cortical tension, cells were treated with varying molar ratios 

of linoleic acid and BSA.  The BSA was added in the form of the fatty-acid free BSA 

used in the previous BSA experiment.  Linoleic acid was added in the form of the 

linoleic acid sodium salt dissolved in 100% EtOH.  In the first set of experiments, the 

cells were treated with a constant concentration of 5 µM fatty acid free BSA, and the 

total linoleic acid concentration was varied to form LA:BSA molar ratios of 0:1, 2:1, 4:1, 

6:1, and 8:1.  In the second set of experiments, the cells were treated with a constant 

concentration of 11.5 µM fatty acid free BSA, and the total linoleic acid concentration 

was varied to form LA:BSA molar ratios of 0:1, 2:1, 4:1, 6:1, and 8:1.  For each 

treatment condition, the cortical tension was measured for 14 cells.  Data from both sets 

of experiments are shown in Figure 2.6. 

When the BSA concentration was held constant at 5 µM BSA, increasing the 

amount of linoleic acid present resulted in a trend toward lower cortical tensions.  A 

linear regression indicated that the reduction in slope of the treatment averages was 

significant (p = 0.0208), but a one-way ANOVA analysis revealed that the trend was 

not statistically significant (p = 0.2317) indicating that the variation among the 

treatments was not significantly greater than expected by chance.  It should be noted 

that at an 8:1 molar ratio, LA was present at a total concentration of 40 µM.  This 

concentration is less the value of free LA-EtOH that resulted in a significant reduction in 

cortical tension in Section 2.3.3. 

Treatment of the cells with 11.5 µM BSA significantly reduced the cortical 

tension (p < 0.001) for the 0:1 LA:BSA ratio when compared to the untreated control. 
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Figure 2.6:  Cortical tension of U937 cell following treatment with varying molar ratios 
of linoleic acid and fatty acid free BSA.  Data are presented as mean ± SEM.  N = 14 for 
all conditions.  The white bar represents an untreated control.  Linoleic acid was present 
as the sodium salt of linoleic acid dissolved in 100% ethanol.  The concentration of BSA 
was held constant at either 5 or 11.5 µM while the concentration of linoleic acid was 
varied for each treatment condition.  A linear regression indicated a significant trend in 
the reduction of the cortical tension in the case of the 5 µM BSA treatment (p = 0.0208), 
but a one-way ANOVA analysis indicated that the linoleic acid treatments with 5 µM 
BSA had no effect on cortical tension even at an 8:1 ratio at which LA was present at a 
total concentration of 40 µM.  For linoleic acid treatments with 11.5 µM BSA, a one-way 
ANOVA with a Tukey post hoc test revealed that LA:BSA ratios of 0:1 (p < 0.001), 2:1 
(p < 0.01), and 8:1 (p < 0.01) significantly reduced cortical tension.    

*** ** ** 
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A significant reduction was maintained at the 2:1 LA:BSA ratio (p < 0.01), but not at 

the 4:1 or 6:1 ratios.  Overall, the data revealed a trend of increasing cortical tension as 

the LA:BSA ratio rose from 0:1 to 6:1.  When additional linoleic acid was added at an 

8:1 LA:BSA ratio, the cortical tension was reduced significantly compared to the 

untreated control (p < 0.01) or the 6:1 LA:BSA ratio (p < 0.05).  

The sequential dissociation constants for linoleic acid to albumin fatty acid 

binding sites range from K1 = 12.6 nM to K7 = 9.35 µM [54].  Since the dissociation 

constants are significantly less than the BSA concentration used in these experiments 

and albumin has 6-7 high affinity fatty acid binding sites, LA at ratios from 2:1 to 6:1 

should be primarily bound to albumin with very little free fatty acid.  Models of linoleate 

binding to albumin were used to predict the amounts of free LA present under these 

treatment conditions.  Assuming 7 linoleate binding sites, the results of both models 

were in agreement.  As shown in Figure 2.7, 11.5 µM of free LA were predicted to be 

present in solution at the 8:1 LA:BSA ratio in the presence of 11.5 µM BSA.  In the case 

of the 8:1 LA:BSA ratio with 5 µM BSA, only 5 µM of free LA were predicted to be 

present in solution.  At lower LA:BSA ratios in either case, only nanomolar 

concentrations of LA remained unbound in the presence of albumin.  It is likely that 

treatment with the 8:1 LA:BSA ratio in the presence of 5 µM BSA did not significantly 

reduce the cortical tension since the amount of free LA in the culture was too small to 

affect the cells.  However the amount of free LA present at the 8:1 LA:BSA ratio in the 

presence of 11.5 µM BSA was great enough to reduce the cortical tension of the 

monocytes as shown in Figure 2.6. 

2.3.5 Effects of medium serum level on U937 cortical tension 

 U937 cells were normally cultured in a growth medium supplemented with 10% 

fetal bovine serum.  The serum present in the media provided a pool of albumin and 
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Figure 2.7:  Amount of free linoleate present in at varying LA:BSA ratios as predicted 
by a model of linoleate binding to albumin.  Assuming 7 linoleate binding sites, only 
nanomolar levels of linoleate are present when the LA:BSA ratio is 7:1 or lower.  At an 
8:1 ratio, additional linoleate remains unbound in solution. 
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fatty acids that could contribute to the observed effects of albumin and linoleic acid.  To 

examine the effects of serum concentration on the cortical tension, cells were incubated 

in a reduced serum growth medium. The reduced serum medium was prepared with only 

1% fetal bovine serum, but with normal concentrations of all other media supplements.  

Experimental cultures were prepared by the centrifugation of a subculture of U937 cells 

from a normal culture containing 10% serum media and subsequent resuspension of the 

cells in 1% serum media.  Cells were treated for 4 hours in either normal growth media or 

1% serum media supplemented with 25 µM FA-free BSA, 50 µM LA-EtOH, or 25 µM 

FA-free BSA + 50 µM LA-EtOH.  Data are presented in Figure 2.8.   

 For control conditions that did not involve the addition of LA or BSA, t-tests 

showed that the there was no difference in cortical tension between cells incubated in 1% 

serum or 10% serum.  For both the 1% serum cultures and the 10% serum cultures, 

supplementation with 25 µM BSA, 50 µM LA, or 25 µM BSA + 50 µM LA-EtOH 

significantly reduced the cortical tension (p < 0.025) compared to untreated controls.  T-

tests also showed that cells incubated in 10% serum media had a lower cortical tension 

than cells incubated in 1% serum media following treatment with 25 µM BSA (p < 0.01), 

50 µM LA-EtOH (p < 0.05), or 25 µM BSA + 50 µM LA-EtOH.  The results suggest that 

the serum levels in the medium affect the exchange of fatty acids between the cell 

membrane and the pools of albumin and linoleic acid added to the medium. 

2.3.6 Recovery of U937 cortical tension following removal of linoleic 
acid from culture medium 

 

 In the previous experiments with LA, cells were treated for 4 hours in culture 

medium containing LA before measuring the cortical tension in a chamber filled with 

growth medium without the LA supplement.  The duration of the exposure to 

supplement-free media during the experiment was less than 1 hour.  Since fatty acids 
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Figure 2.8:  Cortical tension of the U937 cell following incubation in reduced serum 
medium.  Data are presented as mean ± SEM.  N = 14 for all conditions.  Cells were 
treated with 25 µM FA-free BSA, 50 µM LA-EtOH, or 25 µM BSA with 50 µM LA-
EtOH.  All treatments significantly lowered the cortical tension compared the untreated 
controls.  For all treatment conditions, the cells treated in 10% serum had a lower 
cortical tension compared to cells treated in 1% serum (*p < 0.05 or **p < 0.01). 

** * ** 
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may diffuse from the cell membrane, the reduction in cortical tension due to LA 

treatment may begin to recover to the level of the untreated control as the LA content of 

the cell changes during the course of the cortical tension experiments.  To assess the 

potential effects of the recovery of the cortical tension following the end of the LA 

incubation period, the cortical tension was measured at several time points following the 

removal of linoleic acid from the U937 culture.  Cells were treated with 50 µM LA-EtOH 

for 4 hours, centrifuged, and resuspended in culture medium containing no LA and either 

0% or 0.1% EtOH.  Cortical tension was measured for 7 cells at 2, 4, and 6 hours 

following the removal of linoleic acid as shown in Figure 2.9.  Compared to the untreated 

control, treatment with 50 µM linoleic acid significantly reduced the cortical tension (p < 

0.001) at the end of the 4 hour treatment.  In culture medium containing 0% EtOH, the 

cortical tension remained significantly lower than the untreated control 2 hours after LA 

removal (p < 0.05), but the cortical tension increased with time and was not significantly 

different than the untreated case 4 or 6 hours after LA removal.  In culture medium 

containing 0.1% EtOH, there was no significant difference in cortical tension from the 

untreated control at 2, 4 or 6 hours following LA removal.  Since the previous sets of 

cortical tension experiments were performed in EtOH free culture medium within 1 hour 

of removing cells from the treatment cultures, diffusion of linoleic acid from the cell 

membrane was not a significant factor in the observed results. 

2.3.7 Effects of cell concentration on observed changes in cortical 
tension following linoleic acid treatment 

 

 In the previous experiments with LA treatment, U937 cells were treated at 

750,000 cells/mL in a culture containing linoleic acid prior to the cortical tension 

measurements.  To determine whether or not the cells were fully saturated with LA  
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Figure 2.9:  Cortical tension of the U937 cell following the removal of linoleic acid from 
the culture medium.  Data are presented as mean ± SEM.  N = 14 for the untreated 
control and the end of LA treatment, and n = 7 for all data points following LA 
removal.  Compared to the untreated control, a one-way ANOVA and Tukey post hoc 
test showed that the cortical tension significantly drops at the end of the linoleic acid 
treatment (***p < 0.001) and remains significantly lower (*p < 0.05) for 2 hrs after 
linoleic acid removal when no EtOH was present in the media. When the culture medium 
contained 0.1% EtOH, no significant reduction in cortical tension was observed 
following linoleic acid removal compared to the untreated control. 

Untreated control 

End of LA treatment 

0% EtOH 

0.1% EtOH 
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under these conditions, additional experiments were performed with a reduced cell 

concentration during the 1 µM, 23 µM, and 50 µM LA treatments.  U937 cells were 

treated at 1500 cells/mL in a culture containing 1 µM, 23 µM, or 50 µM LA-EtOH for a 

total of 4 hours.  The cortical tension was measured in 14 cells for each treatment 

condition.  In the case of reduced cell concentration (see Figure 2.10), t-tests revealed 

that treatment with 1 µM LA-EtOH or 23 µM LA-EtOH did not affect the cortical 

tension in the 750,000 cells/mL culture, but the cortical tension was significantly 

reduced (p < 0.001) in the 1500 cells/mL culture.  Treatment with 50 µM LA-EtOH 

significantly reduced the U937 cortical tension in cultures containing either 750,000 

cell/mL (p < 0.001) or 1500 cells/mL (p < 0.01).  The results suggest that the reduction 

in cortical tension observed following LA treatment is saturable in regard to the amount 

of LA relative to the amount of membrane material present in the culture.  Cultures 

containing 750,000 cells/mL appear to be fully saturated with LA following the 4 hour 

fatty acid treatment with 50 µM LA-EtOH. 

2.3.8 Effects of cell concentration on observed changes in cortical 
tension following BSA treatment 

 

The effects of cell concentration were also assessed following treatment with FA-

free BSA.  U937 cells were treated at 1500 cells/mL in a culture containing 5 µM or 25 

µM FA-free BSA for a total of 4 hours.  The cortical tension was measured in 14 cells for 

each treatment condition.  In the case of reduced cell concentration (see Figure 2.11), t-

tests revealed that treatment with 5 µM BSA did not affect the cortical tension in the 

750,000 cells/mL culture, but the cortical tension was significantly reduced (p < 0.01) in 

the 1500 cells/mL culture.  Treatment with 25 µM BSA significantly reduced the U937  
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Figure 2.10:  Cortical tension of the U937 cell following LA treatment in a culture with a 
reduced cell concentration. Data presented as mean ± SEM.  N = 14 for all conditions.  
U937 cells were cultured in the presence of 1 µM, 23 µM, or 50 µM LA-EtOH at cell 
concentrations of either 750,000 cells/mL or 1500 cells/mL.  T-tests showed that 
treatment with 1 µM LA or 23 µM LA did not reduce the cortical tension in the 750,000 
cells/mL culture, but did significantly reduce the cortical tension in the 1500 cells/mL 
culture (***p < 0.001) compared to the untreated control.  Treatment with 50 µM LA 
significantly reduced the cortical tension at both 750,000 cells/mL (***p < 0.001) and 
1500 cells/mL (**p < 0.01) compared to the untreated control.  The results show that 
the cells may be saturated with linoleic acid. 
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Figure 2.11:  Cortical tension of the U937 cell following BSA treatment in a culture with 
a reduced cell concentration. Data presented as mean ± SEM.  N = 14 for all conditions.  
U937 cells were cultured in the presence of 5 µM or 25 µM FA-free BSA at cell 
concentrations of either 750,000 cells/mL or 1500 cells/mL.  T-tests showed that 
treatment with 5 µM BSA did not reduce the cortical tension in the 750,000 cells/mL 
culture, but did significantly reduce the cortical tension in the 1500 cells/mL culture (**p 
< 0.01) compared to the untreated control.  Treatment with 25 µM BSA significantly 
reduced the cortical tension at both 750,000 cells/mL (***p < 0.001) and 1500 cells/mL 
(**p < 0.01) compared to the untreated control. 
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cortical tension in cultures containing either 750,000 cell/mL (p < 0.001) or 1500 

cells/mL (p < 0.01).  The results suggest that the changes in cortical tension observed   

following treatment with BSA are dependent on the amount of BSA present relative to 

the amount of membrane material present in the culture. 

2.3.9 Effects of the phospholipase C inhibitor U73122 on U937 cortical 
tension 

 

 Leukocyte cortical tension is dependent on the organization of the actin cortex 

beneath the plasma membrane.  A number of actin binding proteins, including myosin, 

that regulate actin polymerization and link the cytoskeleton to the plasma membrane are 

regulated by phosphatidylinositol 4,5-biphosphate (PIP2) [159].  Cleavage of PIP2 by 

phospholipase C disrupts membrane-cytoskeletal interactions and reduces membrane 

tension [160].  Linoleic acid has been linked to increased phospholipase C activity in 

locust cells [161] and chicken hepatocytes [162].  To examine the potential role of 

phospholipase C in this study, U937 cells were pretreated with 1 µM U73122 for 30 

minutes followed by the addition of either 50 µM LA-EtOH, 25 µM FA-free BSA, or 50 

µM LA conjugated to BSA at a 2:1 molar ratio for 4 hours.  

 As reported in Section 2.3.3, treatment with 50 µM LA-EtOH significantly 

reduced the U937 cortical tension.  However, pretreatment with 1 µM U73122 

prevented a reduction in cortical tension upon the addition of 50 µM LA-EtOH to the 

U73122 culture as shown in Figure 2.12.  To examine the effects of U73122 alone, U937 

cells were treated with 1 µM U73122 for 30 minutes followed by the addition of 0.1% 

EtOH for 4 hours to account for the presence of EtOH in the LA-EtOH incubation.  

U73122 alone did not have a significant affect on U937 cortical tension.  The results 

indicate that the reduction of cortical tension caused by LA treatment is dependent on 

the action of phospholipase C. 
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Figure 2.12:  Cortical tension of the U937 cell following pretreatment with 1 µM U73122 
and a 4 hour incubation with 1 µM U73122 and 50 µM LA-EtOH.  Data presented as 
mean ± SEM.  N = 14 for all conditions. U73122 alone did not affect the cortical tension.  
Pretreatment with 1 µM U73122 followed by addition of 50 µM LA-EtOH prevented 
the reduction in cortical tension previously observed following treatment with 50 µM 
LA-EtOH alone (***p < 0.001). 
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In order to assess whether treatment of cells with FA-free BSA also affected 

phospholipase C activity, U937 cells were pretreated with 1 µM U73122 followed by 

the addition of 25 µM FA-free BSA.  As reported in Section 2.3.2, treatment with 25 µM 

FA-free BSA alone significantly reduced the U937 cortical tension.  When cells were 

treated with U73122 followed by the addition of 25 µM FA-free BSA, the cortical 

tension was also reduced significantly (p < 0.01) as shown in Figure 2.13.  There was no 

difference between 25 µM FA-free BSA treatment with or without U73122.  The 

reduction of U937 cortical caused by BSA treatment is not dependent on the action of 

phospholipase C. 

 In order to determine whether the reduction in cortical tension observed following 

treatment with LA conjugated to BSA were dominated by the effects of LA or BSA, 

U937 cells were pretreated with 1 µM U73122 followed by the addition of 50 µM LA 

conjugated to BSA at a 2:1 ratio.  As reported in Section 2.3.1, treatment with 50 µM 

LA-BSA alone significantly reduced the U937 cortical tension.  When cells were treated 

with U73122 followed by the addition of 50 µM LA-BSA, the cortical tension was also 

significantly reduced (p < 0.05) as shown in Figure 2.13.  The results suggest that the 

reduction in cortical tension following treatment with LA-BSA was dominated by the 

effects of BSA rather than LA. 

2.3.10 Binding of linoleic acid to albumin detected by ADIFAB 

 A stock solution of linoleate was prepared in DPBS.  Using the ADIFAB probe, 

the free fatty acid concentration of the solution was calculated to be 65 µM.  A second 

solution was prepared with 25 µM FA-free BSA in the 65 µM LA stock solution.  The 

free linoleic acid concentration was found to be zero in the solution containing LA and 

BSA.   
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Figure 2.13:  Cortical tension of the U937 cell following pretreatment with U73122 
followed by incubation with U73122 and either FA-free BSA or LA-BSA.  Cells treated 
with 1 µM U73122 for 30 minutes followed by addition of either 25 µM FA-free BSA or 
50 µM LA-BSA for 4 hours.  Data presented as mean ± SEM.  N = 14 for all conditions.  
The cortical tension was significantly reduced following treatment with 25 µM FA-free 
BSA alone (***p < 0.001) or when cells are pretreated with 1 µM U73122 followed by 
the addition of 25 µM FA-free BSA (**p < 0.01).  The cortical tension was also 
significantly reduced following treatment with 50 µM LA-BSA alone (***p < 0.001) or 
when cells were pretreated with 1 µM U73122 followed by the addition of 50 µM LA-
BSA (*p < 0.05).  U73122 does not affect the reduction in cortical tension resulting from 
either BSA treatment or LA-BSA treatment.  The effects of LA-BSA treatment on 
cortical tension are likely dominated by the effects of BSA rather than LA. 
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These results suggest that linoleate was fully bound to BSA at a 2:1 linoleate:BSA molar 

ratio. 

2.4 Discussion 

The results of this study show that linoleic acid and serum albumin are 

independently capable of reducing monocyte cortical tension.  Linoleic acid acts through 

a phospholipase C dependent pathway while the mechanism through which albumin 

affects cortical tension remains unknown.  In the presence of albumin-bound linoleic 

acid, the reduction in cortical tension varies with the LA:BSA molar ratio and appears 

to be dominated by the effects of albumin rather than linoleic acid.  The data suggest 

that monocyte mechanical properties are altered by exposure to free linoleic acid or by 

fatty acid exchange between serum albumin and the lipid bilayer.  These results are 

consistent with our lab’s previous report of reduced cortical tension following the 

treatment of the Mono Mac 6 monocytic cell line with albumin-bound linoleic acid [24]. 

Exposure of leukocytes to free linoleic acid affects the lipid composition of the 

cell membrane.  The lipid composition of the cell membrane is nonhomogeneous, and it 

has been shown that membrane lipids partition into fluid domains or solid-like domains 

depending on a given lipid’s chemical structure [102].  Linoleic acid and other cis-

unsaturated fatty acids enter the fluid-like domains while saturated and trans-

unsaturated fatty acids enter the solid-like domains [101].  The fatty acid content of 

U937 membranes has been characterized as 7.0 mol% linoleic acid (18:2), 26.5 mol% 

oleic acid (18:1), 40.3 mol% stearic acid (18:0), 15.6 mol% palmitic acid (16:0), 5.4 

mol% myristic acid (14:0), and 5.1 mol% arachidonic acid (20:4) [163].  A 24 hour 

incubation of U937 cells with 10 µg/mL (~35.7 µM) linoleic acid increases the mol% of 

linoleic acid primarily at the expense of saturated fatty acids [163].  Following linoleic 

acid treatment, the membranes contain 17.6 mol% linoleic acid, 29.5 mol% oleic acid, 
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32.7 mol% stearic acid, 9.7 mol% palmitic acid, 6.1 mol% myristic acid, 3.3 mol% 

arachidonic acid, and 1.1 mol% lauric acid.  For lymphocytes incubated with linoleic 

acid, 78% of the linoleic acid remains present as a free fatty acid within the membrane 

following one hour of incubation.  By 12 hours, approximately 81% of the linoleic acid is 

converted into phospholipids and only 12% remains in the membrane as a free fatty 

acid [102].   

Since the concentrations of linoleic acid used in this study (1-92 µM) were lower 

than the critical micelle concentration of linoleic acid (~150 µM [28, 29]), linoleic acid 

was present as monomers and was free to partition into the U937 membrane instead of 

micelles of linoleic acid.  Based on these reports, it is likely that the linoleic acid 

treatments used in this study resulted in the incorporation of free linoleic acid within the 

U937 plasma membrane and increased the relative ratio of linoleic acid to saturated 

fatty acid within the membrane.  

In addition to altering the composition of the cell membrane, the incorporation of 

free linoleic acid into lymphocytes alters the distribution of actin, !-actinin, and myosin 

from a diffuse pattern to a patched distribution [164].  Treatment with stearic acid does 

not affect the distribution of these cytoskeletal elements.  The alteration in cytoskeletal 

structure is associated with an inhibition of surface receptor capping suggesting linoleic 

acid is capable of altering the interaction between cell surface receptors and the 

cytoskeleton.  The membrane cortex that provides the cortical tension is composed of a 

layer of filamentous actin cross-linked by myosin I [139, 140], and the tension is 

sensitive to changes in actin and myosin I.  Disruption of the actin cytoskeleton with 

cytochalasin B [142] or cytochalasin D [141] reduces the cortical tension of neutrophils 

up to 50% in a dose-dependent fashion while polymerization of actin with 

jasplakinolide has been shown to increase neutrophil rigidity defined by an increase in 

resistance to micropipette aspiration [165].  In genetically modified Dictyostelium cells, a 
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lack of myosin I production reduces cortical tension by 50% while overexpression of 

myosin I increases cortical tension [140].  The reduction in cortical tension observed in 

this study following treatment with linoleic acid may in part be due to a general 

disruption of actin and myosin structure within the monocyte. 

The adhesion of the plasma membrane to the cytoskeleton is regulated by 

phosphatidylinositol 4,5-biphosphate (PIP2) [124].  PIP2 is the major 

polyphosphoinositide in mammalian cells and regulates the activity of a large number of 

actin binding proteins that link the actin cytoskeleton to the plasma membrane and 

regulate actin polymerization [159] (see Figure 2.14).  These actin binding proteins 

include !-actinin [107] and myosin I [166].  Hydrolysis of PIP2 into inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DG) by phospholipase C reduces apparent 

membrane tension and membrane-cytoskeleton adhesion [160].  Linoleic acid has been 

shown to enhance phospholipase C activity and increase IP3 production in locust rectal 

cells [161].  In chicken hepatocytes, linoleic acid increases Ca2+ through a phospholipase 

C dependent pathway that can be blocked with the U73122 phospholipase C inhibitor 

[162].  These findings suggest that linoleic acid could affect the organization of the 

cytoskeleton through phospholipase C mediated changes of PIP2 content in the plasma 

membrane.  Disruption of the cytoskeleton would explain the reduction in cortical 

tension observed following linoleic acid treatment.   

The role of phospholipase C was examined using the U73122 inhibitor.  

Treatment of U937 cells with U73122 followed by the addition of linoleic acid 

prevented the reduction in cortical tension observed when the cells were treated with 

linoleic acid alone.  The results indicated that linoleic acid affects the U937 cortical 

tension through a phospholipase C dependent mechanism.  U73122 did not prevent the 

reduction in cortical tension observed following treatment with FA-free BSA or BSA-

bound linoleic acid.  These observations support the hypothesis that BSA and
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Figure 2.14:  Schematic of myosin I linkage of membrane to the actin cytoskeleton, 
regulation by PIP2.  Tail of myosin I can bind to PIP2 and IP3.  Hydrolysis of PIP2 by 
phospholipase C disrupts linkage between the plasma membrane and the actin 
cytoskeleton.  Phospholipase C activity is increased by LA and inhibited by U73122. 
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linoleic acid affect cortical tension through independent mechanisms, and they also 

indicate that the effects of BSA-bound linoleic acid are due primarily to the effects of 

BSA rather than linoleic acid.    

Exposure of cells to fatty acid free BSA has also been shown to affect the lipid 

composition of cell membranes.  Albumin has an estimated 6-7 high affinity fatty acid 

binding sites [54, 56].  The dissociation constants for various fatty acids are similar for 

a range of 12-20 carbon long chain fatty acids with a small increase in binding 

associated with increasing chain length.  In the case of 18-carbon fatty acids, oleate 

(18:1) binds more tightly than stearate (18:0), and linoleate (18:2) binds less tightly than 

stearate [54].  The dissociation constants are significantly smaller than the concentration 

of albumin suggesting that the majority of unesterified fatty acids are bound to albumin.  

Incubation with BSA facilitates the removal of fatty acids from the lipid bilayer [155].  

In terms of the amount of fatty acid removed from the membrane:  stearate removal 

(18:0) > palmitate (16:0) > oleate (18:1) > linoleate (18:2) [155].  This order reflects the 

relative association constants of the fatty acids:  stearate (9.14#108 M-1) > oleate 

(2.56#108 M-1) > palmitate (2.55#108 M-1) > linoleate (7.92#107 M-1) [54].  In this study, 

incubation of U937 with fatty acid free BSA likely altered the fatty acid composition of 

the U937 cell membrane resulting in a larger proportion of linoleic acid in the membrane 

relative to saturated fatty acids. 

Additional factors may also affect the equilibrium of fatty acid exchange 

between albumin and the membrane.  Fatty acid binding proteins within the cell may 

bind to fatty acids on the inner bilayer of the plasma membrane [50].  The removal of 

fatty acids from the bilayer in this manner could shift the equilibrium and facilitate the 

entry of fatty acids into the plasma membrane.  In addition to binding membrane fatty 

acids, albumin may also bind to other membrane components such as phospholipids 

[167, 168], sphingolipids [169], and cholesterol [170].  A study of mouse neutrophils 
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indicated that free fatty acids made up ~3% w/w of the membrane content while the 

largest fractions of the membrane components were phospholipids (~62.2% w/w), 

cholesterol (~19.6% w/w), and glycerides (~15.2 %w/w) [171].  Since free fatty acids 

comprise only a small fraction of cell membranes, albumin binding to cholesterol or 

phospholipids could significantly affect membrane properties.  Treatment of sperm cell 

cells with albumin depleted cholesterol from the cell membrane [170].  Although the 

effects of cholesterol depletion on cortical tension have not been directly assessed, 

cholesterol depletion of endothelial cells using methyl-$-cyclodextrin increased 

membrane stiffness as indicated by increased resistance of membrane flow into a 

micropipette [172].  I attempted to measure the cortical tension of U937 cells following 

cholesterol depletion with methyl-$-cyclodextrin in serum free medium, but the lack of 

serum caused the cells to stick to polystyrene and glass surfaces.  The cells became rigid 

and very adhesive and could not be lifted from the bottom of the experimental chamber 

for cortical tension measurements.  Although I did not acquire cortical tension data, I did 

observe that the U937 membranes resisted flow into micropipettes at suction pressures 

twice as high as those used in other experiments.  Since BSA treatment resulted in a 

decrease in cortical tension and cholesterol depletion stiffens membrane, cholesterol 

depletion does not appear to play a significant role in this study. 

Following treatment with BSA, I observed a reduction in cortical tension of 

similar magnitude to the reduction observed following linoleic acid treatment.  The 

reduction in cortical tension observed under both treatment conditions may be a result in 

a relative increase in the amount of linoleic present in the cell membrane.  In the case of 

linoleic acid treatment, the change may result from the direct incorporation of linoleic 

acid into the cell membrane.  In the case of BSA treatment, the change may result from a 

removal of saturated fatty acids from the membrane through albumin binding.  Using a 

reduction in cell numbers in the treatment cultures, I increased the amount of linoleic acid 
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or BSA relative to the amount of membrane material present in the culture.  In both 

cases, the cells appeared to reach a minimum cortical tension of approximately 30 

pN/µm.  At high concentrations of both the linoleic acid and BSA treatments, I also 

observed a return of the cortical tension to the level of untreated controls.  This rise in 

tension was consistent with changes in Mono Mac 6 cortical tension following treatment 

with BSA-conjugated linoleic acid [24] and may be due to toxicity of linoleic acid [24, 

173] at high concentrations. 

Since fatty acids are primarily bound to albumin in vivo, the effects of fatty acid 

exchange between the membrane and albumin bound with linoleic acid was assessed by 

varying the molar ratio of linoleic acid bound to albumin.  In the case of a low LA:BSA 

ratio with 11.5 µM BSA present, the cortical tension was significantly reduced, but as 

the ratio increased to 6:1, the cortical tension returned to the level of the untreated 

control.  At a ratio of 8:1, the amount of linoleic acid present exceeded the binding 

capacity of albumin, and the cortical tension dropped once again.  These observations 

suggest that albumin may act as both a source of linoleic acid for the cell membrane or as 

a fatty acid sink that redistributes fatty acids within the cell membrane depending on 

the free binding sites available on albumin.  In the case of LA:BSA ratios at or below 6:1, 

a model of linoleate binding to albumin predicted that all of the linoleic acid was bound 

to albumin.  Fatty acid exchange was dominated by the binding of membrane fatty acids 

to free binding sites on albumin with some transfer of linoleic acid from albumin to the 

membrane.  Fatty acid removal from the membrane decreased the cortical tension of the 

cells as was observed in the treatment with fatty acid free BSA.  In the case of an 8:1 

LA:BSA ratio, the model of linoleate binding predicted that most of the linoleic acid was 

bound to albumin, but the concentration of free linoleic acid was approximately 11.5 µM 

due to the limited fatty acid binding capacity of albumin.  The excess free fatty acid 

reduced the cortical tension of the cells as was observed in the treatment with free 
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linoleic acid.  In this case, fatty acid exchange was likely dominated by membrane 

uptake of linoleic acid from albumin with some exchange of membrane fatty acids to 

albumin.  The model used to predict the level of free linoleate present in the culture 

included only linoleate binding to albumin and did not take the presence of the cells into 

account.  Receptors on the plasma membrane may directly bind to fatty acids and may 

compete with albumin binding sites for fatty acids [59].  Although the model did not 

incorporate all of the complexities present in these experiments, it did provide evidence 

that an excess of linoleate was likely present at the 8:1 LA:BSA ratio used in this study. 

The reductions in cortical tension observed during this study indicated an 

increase in monocyte deformability following treatment with linoleic acid or FA-free 

BSA.  The increase in deformability has implications for the attachment of monocytes to 

the endothelium, particularly in atherosclerosis.  Models of leukocyte deformation 

predict that a reduction in cortical tension will increase cell deformation [8].  In vitro 

and in vivo data show that an increase in leukocyte deformation leads to an increase in 

contact area between the cell and its substrate and an increase in the likelihood of bond 

formation [8, 10].  Although our lab has shown that the decrease in monocyte cortical 

tension following incubation with albumin-bound linoleic acid was associated with an 

increase in monocyte tethering, the effects of linoleic acid treatment on contact area 

between monocyte and endothelial cells has yet to be determined.   

The association between dietary fatty acid intake and cardiovascular disease 

suggests that fatty acids may play a significant role in atherogenesis.  The effects of 

fatty acids on monocyte adhesion to the endothelium have not been fully explained.  

This work shows that exposure to free linoleic acid or fatty acid exchange between 

albumin-bound linoleic acid and the cell membrane increases the proportion of linoleic 

acid within the monocyte cell membrane and reduces the cortical tension of the 

monocyte.  Previous reports from this lab show that linoleic acid treatment increases 
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monocyte tethering to the endothelium, but additional work is necessary to reveal how 

linoleic acid treatment contributes to monocyte tethering.  An increase in cell 

deformability following linoleic acid treatment may increase the contact area between 

monocytes and endothelial cells leading to an increase in the likelihood of bond 

formation between the cells.  Changes in membrane composition and cytoskeletal 

structure following linoleic acid treatment may also contribute to monocyte tethering by 

clustering adhesion receptors on the cell surface or by facilitating tether extraction 

through a reduction in the adhesion between the lipid bilayer and the cytoskeleton.  

These factors will be investigated in Chapters 3 and 4.  
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Chapter 3.  Tether formation between monocytes and endothelial 

cells is not increased through an increase in contact area 
 

3.1 Introduction 

The attachment of monocytes to the endothelium is a critical step in the early 

stages of atherosclerotic lesion development [175].  Attachment is a multi-step process 

that is initiated by the formation of a receptor-ligand bond between the monocyte and 

an endothelial cell.  With the adhesive bond in place, the hydrodynamic forces on the 

cell introduce a torque on the monocyte that transiently disrupts bonds and initiates a 

tumbling motion.  As bonds break on the trailing edge of the cell and new bonds form on 

the leading edge of the cell, the monocyte rolls on the endothelium.  Rolling keeps the 

monocyte in close contact with the endothelium and increases the likelihood of forming 

additional adhesive bonds that lead to monocyte arrest on the endothelium [62].  The 

monocyte may then migrate through the endothelium into the intimal layer of the blood 

vessel where it differentiates into a tissue macrophage [1].   

Initial bond formation and rolling are primarily mediated through the selectins L-

selectin [66], E-selectin [67], and P-selectin [68].  L-selectin is constitutively expressed 

on the tips of leukocyte microvilli and binds to sialyl-Lewis x-type carbohydrates 

expressed on endothelial cells [70].  E-selectin is expressed on endothelial cells following 

exposure to inflammatory cytokines such as IL-1 and TNF-! [71].  P-selectin is stored in 

Weibel-Palade bodies within endothelial cells and may be mobilized to the cell surface 

upon activation by histamine or thrombin [72].  The leukocyte ligands of E- and P-

selectin have not fully characterized, but P-selectin glycoprotein ligand-1 (PSGL-1) on 

neutrophils mediates neutrophil rolling on both E- and P-selectin coated surfaces [73]. 



 

71 

Monocyte arrest and extravasation are mediated by integrin bond formation.  

Endothelial cells increase expression of VCAM-1 and ICAM-1 in response to cytokine 

activation by IL-1, IL-4, or TNF-! [66, 85].  VCAM-1 binds to the VLA-4, an !4$1 

integrin expressed on monocytes [85], and ICAM-1 binds to LFA-1, an !L$2 integrin, 

and Mac-1, an !M$2 integrin [66].  LFA-1 and Mac-1 are uniformly distributed on the 

cell body of unactivated leukocytes rather than on the microvilli, but some LFA-1 and 

Mac-1 may be found on microvilli following activation of the cells [93, 94]. 

Leukocyte adhesion to the endothelium may be enhanced by the localization of 

adhesion receptors into certain domains within the plasma membrane.  By examining the 

colocalization of receptors with the lipid raft ganglioside GM1 [108], ICAM-1 [109] and 

E-selectin [110], but not P-selectin [111], have been shown to localize in lipid rafts on 

the endothelial cell membrane.  The clustering of E-selectin within lipid rafts enhances 

leukocyte adhesion under steady flow conditions [111].  On lymphocytes, the integrin 

LFA-1 is excluded from lipid rafts prior to cell activation [112].  Upon activation, LFA-

1 localizes to lipid rafts leading to LFA-1 clustering and an increase in LFA-1 avidity 

[112, 113].  Leukocyte adhesion is also enhanced by the localization of E-selectin to 

clathrin-coated pits on the endothelial cell membrane [111]. 

Since hemodynamic forces are applied to leukocytes during contact with the 

endothelium, cell deformation may play a significant role in monocyte adhesion by 

increasing the contact area between the two cells.  The application of a normal force to a 

neutrophil in contact with an antibody-coated bead is associated with an increase in 

contact area and adhesion probability [8], an observation that is consistent with 

theoretical models of leukocyte adhesion [145].  Increasing the shear stress applied to a 

monocyte under flow conditions increases the probability of bond formation between the 

monocyte and the endothelium [176].  Models of leukocyte deformation also suggest 



 

72 

that cell deformation may be increased by a reduction in the cell’s cytoplasmic viscosity 

or cortical tension [8]. 

Following the formation of the initial receptor-ligand bond between the monocyte 

and the endothelial cell, the hydrodynamic forces on the cell introduce a pulling force on 

the bond.  If the pulling force exceeds a threshold force specific to the cell type, a portion 

of the plasma membrane may be detached from the cytoskeleton and drawn into a thin 

cylindrical tube known as a membrane tether [177].  The formation of multiple bonds 

may result in the extraction of multiple simultaneous tethers [129, 130].  The extraction 

of a membrane tether reduces the pulling force on the bond, extends the tether lifetime, 

reduces the rolling velocity of the monocyte, and keeps the monocyte in close contact 

with the endothelium [63, 122, 178].  Using micropipette aspiration techniques, tethers 

have been extracted in vitro from both leukocytes [64, 122, 127, 128, 130] and 

endothelial cells [63, 129]. 

Our lab has previously reported that the treatment of Mono Mac 6 monocytes 

with linoleic acid bound to BSA decreased the monocyte cortical tension and increased 

tethering events on HUVECs under flow conditions [24].  Disproportionately high levels 

of linoleic acid have been identified in diseased coronary arteries [37], and diets high in 

polyunsaturated fatty acids are associated with an increased risk of cardiovascular 

disease and diabetes [38].  The role of linoleic acid in monocyte adhesion is unclear.  

Although we observed an increase in monocyte adhesion under flow conditions 

following linoleic acid treatment, another group reported no change in monocyte 

adhesion following linoleic acid under static conditions [16].  Additional work is 

necessary to discover potential effects of linoleic acid on monocyte adhesion.  

In this study, I tested the hypothesis that treatment of monocytes and 

endothelial cells with linoleic acid would increase the frequency of membrane tether 

formation between a monocyte and an endothelial cell by increasing the contact area 
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between the cells and altering the distribution of adhesion receptors within the contact 

region.  A micropipette aspiration technique was used to examine tether formation 

between a single monocyte and a single HUVEC following treatment of the cells with 

culture medium supplemented with 23 µM or 50 µM linoleic acid.  The contact area 

between the cells was measured for each contact event.  Flow cytometry and 

fluorescence microscopy techniques were used to assess the expression and distribution 

of key adhesion receptors following treatment with linoleic acid.  The results showed 

that linoleic acid increased the frequency of tether extraction between U937 monocytes 

and HUVECs, but the increase in tether frequency was not due to an increase in contact 

area.  E-selectin was shown to play a key role in tether extraction.  Although linoleic 

acid treatment led to an increase in colocalization of E-selectin with clathrin-coated pits, 

the linoleic acid treatment did not have a significant effect on adhesion receptor 

expression or the distribution of E-selectin within the HUVEC plasma membrane.  The 

increase in tether extraction following treatment with 50 µM linoleic acid was blocked by 

treatment of the cells with the phospholipase C inhibitor U73122.  The data suggested 

that phospholipase C plays a key role in the effects of linoleic acid on tether extraction 

between monocytes and endothelial cells.  

3.2 Materials and methods 

3.2.1 Cell culture 

3.2.1.1 Monocyte cell culture 

A sample of the U937 monocyte cell line [156] was acquired from the American 

Type Culture Collection (Manassas, VA) through the Duke University Cell Culture 

Facility.  U937 cultures were maintained in a vented tissue culture flask in a cell 
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incubator at 37 ˚C with a 5% CO2 atmosphere.  The growth medium was composed of 

RPMI 1640 (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum 

(Hyclone, Logan, UT), 10 mM HEPES (Gibco, Carlsbad, CA), 4.5 g/L glucose (Sigma 

Aldrich, St. Louis, MO), 1 mM sodium pyruvate (Gibco, Carlsbad, CA), and 1.5 g/L 

sodium bicarbonate (Gibco, Carlsbad, CA).  The culture medium was exchanged every 

two days by centrifugation of the culture and subsequent resuspension of a desired 

fraction of the cells in fresh medium at a concentration of 5#105 viable cells/mL.  Cell 

viability was assessed by trypan blue exclusion and typically ranged from 95-98%.  For 

experimental treatments, U937 cells were incubated at 7.5#105 cells/mL in U937 growth 

medium supplemented with the specified media supplement. 

3.2.1.2 Human umbilical vein endothelial cell culture 

Human umbilical vein endothelial cells (HUVECs) at passage 1 were obtained 

from Lonza (Walkersville, MD) through the Duke University Cell Culture Facility and 

cultured in a growth medium of endothelial basal medium supplemented with a 

SingleQuots kit of growth supplements that included bovine brain extract, hEGF, 

hydrocortisone, gentamicin, and fetal bovine serum (Lonza, Walkersville, MD).  The 

final serum concentration of the growth medium was 2%.  HUVECs were seeded onto a 

vented polystyrene tissue culture flask and maintained in a cell incubator at 37 ˚C with 

a 5% CO2 atmosphere.  The medium was changed every other day.   

Once the HUVEC culture reached approximately 80% confluence, the culture 

was passaged using trypsin EDTA.  The culture medium was aspirated from the cells 

and the cells were rinsed in Ca2+ and Mg2+ free Dulbecco’s phosphate buffered saline 

solution (DPBS).  The DPBS was aspirated and the cells were detached from the flask 

using a 0.025% trypsin-EDTA solution (Lonza, Walkersville, MD).  After three to four 

minutes, the flask was gently tapped to remove any remaining attached cells and the 
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trypsinization was stopped with the addition of a trypsin neutralizing solution (Lonza, 

Walkersville, MD).  The cells were centrifuged at 1,500 rpm for 5 minutes and 

resuspended in growth media.  Cells were counted in a hemacytometer.  Cells were 

seeded onto a new tissue culture flask, frozen in growth media containing 10% dimethyl 

sulfoxide (Sigma Aldrich, St. Louis, MO) for later use, or seeded onto microcarrier beads 

for micropipette experiments.  All experiments were carried out with HUVECs at 

passage 4 or 5.  

3.2.1.3 Culture of HUVECs on microcarrier beads 

For micropipette experiments, HUVECs were cultured on the surface of 

microcarrier beads.  Cytodex 3 microcarrier beads (Amersham Biosciences, Piscataway, 

NJ) were hydrated in 50 mL Ca2+ and Mg2+ free DPBS with two drops of Tween 80 

(Sigma Aldrich, St. Louis, MO) for four hours at room temperature.  The beads were 

allowed to settle, and the DPBS was removed.  The beads were sterilized in 70% ethanol 

in distilled water.  The beads were washed twice with the ethanol solution and then 

soaked overnight.  The sterilized beads were washed three times with Ca2+ and Mg2+ free 

DPBS and stored in DPBS at room temperature.  Prior to seeding, the beads were rinsed 

twice in warm endothelial growth media and added to a sterile glass scintillation vial 

that was treated with Sigmacote (Sigma Aldrich, St. Louis, MO).  HUVECs at passage 5 

were seeded onto the beads at a 20:1 cell:bead ratio.  A hole was drilled into the vial 

cap and covered with a 0.22 µm filter to maintain sterility while allowing proper gas 

exchange for the culture.  The culture was maintained in a cell incubator at 37 ˚C with a 

5% CO2 atmosphere.  The medium was changed every other day.  
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3.2.2 Micropipette aspiration technique 

3.2.2.1 Micropipette preparation 

For micropipette experiments designed to study the contact between two cells, it 

was necessary to fabricate two pipettes for each experiment.  One pipette was used to 

hold a single monocyte, and the other pipette was used to hold onto a microcarrier bead 

containing cultured HUVECs.  The two pipettes were prepared as described in Chapter 

2 except for the application of coating of Sigmacote (Sigma Aldrich, St. Louis, MO) to 

siliconize the pipette tip and reduce nonspecific binding of the cell to the interior of the 

pipette.  After pulling a pipette, Sigmacote was aspirated into the first centimeter of the 

pipette tip and then expelled from the pipette.  The coating was allowed to dry under 

vacuum before using the microforge to create a flat pipette tip.  The monocyte pipette 

was designed to have an inner diameter of approximately 16 µm so that a single 

monocyte could be aspirated into the pipette without deforming the cell.  The second 

pipette was designed to have an inner diameter of approximately 50 µm so that the 

pipette could be used to hold a large microcarrier bead securely in place.  Both pipettes 

were filled with a warm solution of 1% fatty acid free BSA in DPBS as to further reduce 

nonspecific adhesion between the cell and the capillary glass.  A new pair of pipettes 

was prepared prior to each experiment. 

3.2.2.2 Setup of the micropipette aspiration system 

For this set of experiments, the micropipette aspiration system was set up as 

described in Chapter 2 except that a second micromanipulator was used to insert a 

second pipette into the experimental chamber.  A diagram of this setup is shown in 

Figure 3.1.   
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Figure 3.1:  Schematic of micropipette aspiration system setup for monocyte-endothelial 
cell interactions (side view).  One micropipette was used to hold a microcarrier bead 
covered with HUVECs.  The second pipette was used to aspirate a single monocyte. 
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Once the pipettes were inserted into the chamber containing U937 growth 

medium, a small number of microcarrier beads covered in HUVECs and U937 

monocytes were added to the chamber.  A single monocyte was aspirated into the 

smaller pipette leaving a small gap between the edge of the cell and the walls of the 

pipette.  The height of the water chamber connected to this pipette was adjusted until 

the cell did not move within the pipette.  The water chamber connected to the larger 

pipette was lowered to introduce a suction pressure with the large pipette.  A 

microcarrier bead was aspirated onto the tip of the pipette and held securely by the 

suction pressure.  The bead was positioned so that the distal edge of a single HUVEC 

could be seen clearly within the field of view of the microscope.  The tip of the small 

pipette was then positioned near the edge of the HUVEC before proceeding with the 

experiment.  A sample image of this experimental setup is shown in Figure 3.2. 

3.2.2.3 Use of micropipette system to bring U937 into contact with HUVEC 

The monocyte was brought into contact with the endothelial cell by applying a 

net positive force on the monocyte and then rapidly reversing the pressure upon contact 

to pull the monocyte away from the HUVEC.  To create the change in pressure, the  

desired suction pressure was applied to the monocyte by lowering the water reservoir 

connected to the pipette containing the monocyte. The reservoir could be moved using a 

micrometer with a resolution of 0.01 mm, corresponding to a pressure change of 1 

dyn/cm2 = 0.1pN/µm2 = 0.1 Pa.  An air pump was connected to the reservoir and used 

to apply pressure to the reservoir that introduced a net positive force on the monocyte.  

Once the monocyte made contact with the HUVEC, the pressure from the pump was 

switched off to return to the suction force originally applied to the cell.  This process 

was repeated numerous times for each pair of cells until the cells showed visible signs of 

membrane damage or monocyte activation. 
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Figure 3.2:  Sample image taken from micropipette experiment used to examine tether 
formation between a monocyte and an endothelial cell.  The endothelial cell was 
attached to the surface of a microcarrier bead.  The bead was held stationary by a 
second pipette outside the field of view.  The pressure inside the small pipette was 
switched between a positive pressure that brought the monocyte into contact with the 
HUVEC and a negative pressure that pulled the cells apart.   
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3.2.3 Data analysis 

Video images of the U937-HUVEC contact experiments were recorded and 

digitized for each individual contact event as described in Chapter 2.  To track the 

motion of the monocyte within the pipette, a substack of video frames was created using 

every fourth frame from the original 30 frame per second video.  Using ImageJ image 

analysis software [157] (NIH, Bethesda, MD), the proximal edge of the monocyte was 

tracked along the horizontal axis as it approached the HUVEC, contacted the HUVEC, 

and was pulled away.  The raw position data was entered into an Excel spreadsheet 

and was scaled according to an image of a stage micrometer recorded prior to the 

experiment.  The position of the edge of the cell was plotted against time using the point 

of contact with the HUVEC as the reference position.  A sample plot is shown in Figure 

3.3. 

3.2.4 Determination of tether growth velocity and tether force 

The plot of the U937 velocity was examined for changes in velocity as the cell 

moved away from the HUVEC (see Figure 3.3).  If the cell moved at a constant, free 

velocity, no tether was present.  A sudden jump in the velocity of the U937 indicated 

the breaking of a membrane tether.  The initial velocity following pressure reversal 

represented the tether growth velocity.  The velocity after the tether rupture represented 

the free velocity of the U937.  In some cases, two changes in velocity were observed.  

This indicated the formation of two tethers being extracted simultaneously.  The initial 

velocity after contact represented the growth velocity during the extraction of a double 

tether.  The first jump in velocity occurred following the rupture of one tether.  The 

velocity then represented the growth velocity of a single tether.   The second jump in  
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Figure 3.3:  Sample plot of tracking data from a two cell experiment. 
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velocity represented the rupture of the second tether and allowed the cell to reach its 

free velocity. 

For each U937 cell used in the experiment, the free velocity of the cell within the 

pipette was determined at four defined suction pressures of 0, 0.4, 0.8, and 1.2 

pN/µm2.  These values were used to create a standard curve that related the velocity of 

the cell to the suction pressure within the pipette.  Using the velocity of the cell, the 

standard curve, and the geometry of the system, the pulling force on the cell was 

determined using Equation 3.1 [128]: 
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where Rp is the pipette radius, Rc is the U937 cell radius, #p is the suction pressure, Ut is 

the cell velocity during tether extraction, and Uf is the free velocity of the cell.  The 

equation contains a first order correction to account for the effect of the gap between the 

cell and pipette wall [64].  For the 140 HUVEC-U937 cell pairs tested in this study, 

Rc/Rp = 0.84 ± 0.07 resulting in an average correction factor of 0.78 ± 0.1 (mean ± SD). 

3.2.5 Measurement of contact area between U937 monocyte and 
HUVEC 

 

The contact area between the U937 monocyte and the HUVEC was calculated 

for each contact event.  When the cells came into contact, the length of the contact region 

between the cells was measured using digital calipers in the ImageJ software package.  

The length scale was determined from an image of a stage micrometer taken under the 

same magnification.  The contact region between the cells was assumed to be a circular 

region with a diameter equal to the contact length (Lc) (see Figure 3.4).  The contact area  
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Figure 3.4:  Measurement of contact area between a single U937 monocyte and a single 
HUVEC attached to a microcarrier bead.  The contact area was calculated as a circular 
region with a diameter equal to the contact length between the two cells. 
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was calculated as shown in Equation 3.2. 

   contact area = *(0.5%Lc)
2     (3.2) 

3.2.6 U937 flow cytometry to measure adhesion receptor expression 

U937 monocytes were incubated in growth medium supplemented with 23 µM or 

50 µM linoleic acid conjugated to BSA at a 2:1 molar ratio for a total of 4 hours at 37 

°C.  Untreated control cells were incubated in growth medium alone.  Following 

incubation the cells were centrifuged and resuspended at 400,000 cells/mL in warm 

basal RPMI media supplemented with 5% mouse serum to block nonspecific binding.  

The cells were incubated at 37 °C for 10 minutes.  The cells were then centrifuged, 

resuspended in a wash buffer composed of 2% bovine serum albumin and 0.1% sodium 

azide in phosphate buffered saline (PBS), and split into two tubes containing 200,000 

cells each for duplicate staining.  The samples were kept on ice for the remainder of the  

experiment.  The cells were labeled with anti-CD11a (LFA-1 !-subunit), anti-CD11b 

(Mac-1 !-subunit), anti-CD18 ($2 integrin), anti-CD29 ($1 integrin), anti-CD49d (VLA-

4), anti-CD62L (L-selectin), anti-IgG1 control, or anti-IgG2a control mouse anti-human 

antibodies (Ancell, Bayport, MN) conjugated to R-phycoerythrin at a 1:50 dilution in 

wash buffer for 45 minutes.  Cells were washed twice in wash buffer and then fixed in 

2% formalin for flow cytometry analysis.  This procedure resulted in two replicates for 

each condition.  The experiment was repeated to obtain a total of 4 samples for each 

condition.   

3.2.7 HUVEC flow cytometry to measure adhesion receptor 
expression 

 

Unactivated HUVECs were treated with 0 µM, 23 µM, or 50 µM linoleic acid 

conjugated to BSA at a 2:1 molar ratio for a total of 4 hours at 37 °C.  Activated 
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HUVECs were incubated in endothelial growth medium containing 560 U/mL TNF-! 

and either 0 µM, 23 µM, or 50 µM linoleic acid conjugated to BSA at a 2:1 molar ratio 

for a total of 4 hours at 37 °C.  Following the incubation, the cells were rinsed with cold 

PBS and then incubated in PBS containing 2 mM EDTA for 10 minutes at 4 °C. The cells 

were detached from the culture flasks with Cellstripper non-enzymatic cell dissociation 

buffer (Mediatech, Herndon, VA).  The cells were centrifuged and resuspended at 

400,000 cells/mL in a wash buffer composed of PBS with 2% bovine serum albumin and 

0.1% sodium azide.   Nonspecific binding was blocked with the addition of 5% mouse 

serum for 10 minutes at 37 °C.  The cells were then centrifuged, resuspended in wash 

buffer, and split into two tubes containing 200,000 cells each for duplicate staining.  The 

samples were kept on ice for the remainder of the experiment. 

The cells were labeled with anti-CD54 (ICAM-1), anti-CD62E (E-selectin), anti-

CD106 (VCAM-1), or anti-IgG1 control mouse anti-human antibodies (Ancell, Bayport, 

MN) conjugated to R-phycoerythrin at a 1:50 dilution in wash buffer for 45 minutes.  

Cells were washed twice in wash buffer and then fixed in 2% formalin for flow 

cytometry analysis.  This procedure resulted in two replicates for each condition.  The 

experiment was repeated to obtain a total of 4 samples for each condition. 

3.2.8 Staining of HUVECs for confocal microscopy 

Passage 5 HUVECs cultured in 6-well plates were activated with 560 U/mL 

TNF-! and treated with 0 µM LA, 50 µM linoleic acid dissolved in EtOH, or an 

equivalent volume of EtOH (0.1% total EtOH) for 4 hours at 37 °C.  The cells were 

stained for E-selectin (CD62E) and either the lipid raft associated ganglioside GM1 or 

the clathrin-coated pit associated protein !-adaptin.  For GM1 staining, 20 µg/mL 

cholera toxin subunit B conjugated to Alexafluor 488 (CTB, Sigma Aldrich, St. Louis, 

MO) was added to the culture for the final hour of the incubation period.  CTB is known 
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to bind to GM1 and is commonly used to stain lipid rafts in the plasma membrane [107, 

108].  Following the incubation period, all wells were washed three times with DPBS 

and fixed in 10% formalin for 10 minutes at room temperature.  The cells were then 

washed twice with DPBS and permeabilized with 0.2% Triton-X for 5 minutes at room 

temperature.  Permeabilization of cells with Triton-X has been performed by other 

research groups prior to staining for !-adaptin, GM1, or caveolin-1 [110, 111, 179].  The 

cells were washed twice with DPBS before blocking nonspecific binding with 10% goat 

serum in DPBS at 37 °C for 30 minutes.  The primary rabbit anti-CD62E antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA) was added to each well at a 1:50 dilution 

in 10% goat serum and incubated for 1 hour at 37 °C.  The cells were washed three times 

with DPBS.  A secondary goat anti-rabbit IgG antibody conjugated to Alexafluor 546 

(Invitrogen, Carlsbad, CA) was added to each well at a 1:500 dilution in 10% goat 

serum for 45 minutes at 37 °C.  The cells were washed three times with DPBS.  For !-

adaptin staining, the primary mouse anti-!-adaptin antibody (BD Biosciences, San Jose, 

CA) was added to the appropriate wells at a 1:50 dilution in 10% goat serum for 1 hour 

at 37 °C.  The cells were washed three times with DPBS.  A secondary goat anti-mouse 

IgG antibody conjugated to Alexafluor 488 (Invitrogen, Carlsbad, CA) was added to the 

!-adaptin-stained wells at a 1:500 dilution in 10% goat serum for 45 minutes at 37 °C.  

The cells were washed three times with DPBS.  Fluorescent images of each well were 

taken using a confocal laser scanning microscope (LSM510, Carl Zeiss, Thornwood, NY). 

3.2.9 Measurement of colocalization 

Colocalization of E-selectin with either lipid rafts or !-adaptin was assessed by 

using the “Just Another Colocalization Plugin” [180] (JACoP) ImageJ plugin.  The RGB 

image of each field of view was split into separate 8-bit greyscale images of each color 
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channel.  The blue channel contained no data and was discarded.  Background noise 

was removed from the green and red channels by an auto-threshold feature.  Using the 

greyscale versions of the red and green channels, the JACoP plugin was used to calculate 

a Pearson correlation coefficient for each field of view.  Significant differences between 

two treatment conditions were assessed using a Student’s t-test.  A p-value less than 

0.05 was considered statistically significant. 

    The JACoP plugin determined the Pearson correlation coefficient by creating a 

scatterplot of the greyscale pixel intensities of the red and green images where the 

intensity of a given pixel in the green image was used as the x-coordinate and the 

intensity of the corresponding red pixel was used as the y-coordinate.  The formula for 

the Pearson correlation coefficient (rp) is shown in Equation 3.3:  
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where a is the average pixel value of the green channel, b is the average pixel value of the 

red channel, Ai is the value of pixel i in the green channel, and Bi is the value of pixel i in 

the red channel.  A linear regression of the points in the scatterplot was calculated to 

describe the relationship between the intensities in the two images.  The Pearson 

correlation coefficient was calculated as the correlation of the distribution with regard to 

the fitted regression line.  The Pearson correlation coefficient may vary from -1 to 1. 
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3.3 Results 

3.3.1 Albumin-bound linoleic acid increases tether formation between 
U937 monocytes and HUVECs  

 

Tether extraction between U937 monocytes and HUVECs was performed as 

described in Section 3.2.2.  Experiments were performed with unstimulated HUVECs or 

HUVECs activated with 560 U/mL TNF-!.  HUVECs and U937 cells were treated with 

0 µM, 23 µM, or 50 µM linoleic acid conjugated to bovine serum albumin.  A summary of 

the treatment conditions used is shown in Table 3.1.  For each treatment combination, 

experiments were performed on 4-20 U937-HUVEC cell pairs with 10-50 contacts per 

pair.  The frequencies of single and double tether extraction were calculated for each cell 

pair and then averaged for each treatment condition as shown in Figure 3.5.  Few tethers 

were observed between unstimulated HUVECs and U937 monocytes.  LA-BSA 

treatment did not have a significant effect on the frequency of tether extraction when 

using unstimulated HUVECs.   

In the case of HUVECs activated with TNF-!, a general increase in the total 

frequency of tether extraction, including more double tethers, was observed under all 

treatment conditions as shown in Figure 3.5.  There was a large degree of variation 

between cell pairs in the same treatment group.  For contacts between TNF-! stimulated 

HUVECs and U937 monocytes, Student’s t-tests showed a significant increase in the 

total frequency of tether extraction when U937 cells alone were treated with 23 µM LA-

BSA (p < 0.05), HUVECs alone were treated with 50 µM LA-BSA (p < 0.05), or both 

cells were treated with 50 µM LA-BSA (p < 0.001) as compared to the control case of 

activated HUVECs with no LA-BSA treatment on either cell type.  For contacts between  
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Table 3.1:  Treatment conditions used for U937-HUVEC tether extraction experiments. 
Linoleic acid was bound to BSA at a 2:1 molar ratio. 

 
 
 

 

TNF-! 
on 

HUVECs 
(U/mL) 

Linoleic 
acid on 

HUVECs 
(µM) 

Linoleic 
acid on 
U937 
(µM) 

  

TNF-! 
on 

HUVECs 
(U/mL) 

Linoleic 
acid on 

HUVECs 
(µM) 

Linoleic 
acid on 
U937 
(µM) 

Treatment 1 0 0 0  Treatment 8 560 0 0 

Treatment 2 0 0 23  Treatment 9 560 0 23 

Treatment 3 0 23 0  Treatment 10 560 23 0 

Treatment 4 0 23 23  Treatment 11 560 23 23 

Treatment 5 0 0 50  Treatment 12 560 0 50 

Treatment 6 0 50 0  Treatment 13 560 50 0 

Treatment 7 0 50 50  Treatment 14 560 50 50 
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Figure 3.5:  Effects of linoleic acid treatment on frequency of tether extraction between 
U937 monocytes and HUVECs.  Data presented as mean ± SEM for both single and 
double tethers.  Linoleic acid was bound to BSA at a 2:1 LA:BSA molar ratio so that 
BSA was added at concentrations of 0, 11.5, or 25 µM.  The total frequency of tether 
extraction increased significantly on activated HUVECs following the treatment of U937 
cells alone with 23 µM LA-BSA (*p < 0.05), HUVECs alone with 50 µM LA-BSA (*p < 
0.05), or both cells with 50 µM LA-BSA (***p < 0.001) as compared to the control case 
of activated HUVECs with no LA-BSA present in either cell culture.  The frequency of 
double tether extraction increased significantly on activated HUVECs following the 
treatment of HUVECs alone with 50 µM LA-BSA (##p < 0.01) or both cells with 50 µM 
LA-BSA (##p < 0.01) as compared to the control case of activated HUVECs with no 
LA-BSA present in either culture. 
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TNF-! stimulated HUVECs and U937 monocytes, statistical analysis showed a 

significant increase in the frequency of double tether extraction when HUVECs alone 

were treated with 50 µM LA-BSA (p < 0.01) or when both cells were treated with 50 µM 

LA-BSA (p < 0.01) as compared to the control case of activated HUVECs with no LA-

BSA treatment on either cell type.  The results indicated that LA-BSA treatment 

increased the total frequency of tether extraction and the frequency of double tether 

extraction between U937 monocytes and activated HUVECs. 

3.3.2 Albumin-bound linoleic acid does not increase U937 adhesion 
receptor expression 

 

To assess whether changes in adhesion receptor levels following incubation with 

LA-BSA were responsible for the increase in tether frequency, flow cytometry was used 

to measure the level of expression of LFA-1 (CD11a and CD 18), Mac-1 (CD11b and 

CD18), VLA-4 (CD49d and CD29), and L-selectin (CD62L) on the surface of U937 

monocytes treated with 23 µM or 50 µM LA-BSA.  The fluorescence intensity was 

normalized to the intensity of the untreated cells.  Treatment with 23 µM or 50 µM LA-

BSA did not significantly affect the expression of LFA-1, Mac-1, VLA-4, or L-selectin as 

shown in Figure 3.6. 

3.3.3 Albumin-bound linoleic acid does not increase HUVEC adhesion 
receptor expression 

 

Flow cytometry was also used to assess the level of expression of ICAM-1 

(CD54), VCAM-1 (CD106), and E-selectin (CD62E) on the surface of unstimulated 

HUVECs and HUVECs activated with TNF-!.  The HUVECs were treated with 23 µM 

or 50 µM LA-BSA.  The fluorescence intensity was normalized to the intensity of the 

untreated cells.  Activation with TNF-! significantly increased the level of receptor
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Figure 3.6:  Adhesion receptor expression on U937 cells following a 4 hour treatment of 
linoleic acid bound to BSA in a 2:1 molar ratio.  Data presented as mean ± SEM with n 
= 4 for each condition. 
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expression; however, treatment with 23 µM or 50 µM LA-BSA did not significantly 

affect the expression of ICAM-1, VCAM-1, or E-selectin on either unstimulated or 

activated HUVECs as shown in Figure 3.7.  In fact, a one-way ANOVA revealed that E-

selectin expression was actually decreased (p < 0.05) following treatment with 23 µM 

LA-BSA. 

3.3.4 Albumin-bound linoleic acid does not increase the contact area 
between U937 monocytes and HUVECs 

 

The contact area between the U937 monocyte and the endothelial cell was 

calculated for each contact during the tether extraction experiments described in Section 

3.3.1.  The average contact area for each treatment condition is shown in Figure 3.8.  The 

data were analyzed using a multivariate regression model that included potential 

cooperative effects from each treatment.  The results showed a complex dependence on 

treatment conditions.  The contact area was significantly reduced (p < 0.001) following 

activation of the HUVECs with TNF-!.  Treatment of the U937 cells with 23 µM linoleic 

acid in combination with activated HUVECs increased the contact area (p < 0.001).  

Overall, the results contradict the hypothesis that linoleic acid increases the contact area 

between monocytes and endothelial cells. 

3.3.5 Frequency of tether extraction does not scale linearly with 
contact area 

 

If adhesion receptors were distributed uniformly over the surface of the cell, the 

probability of forming a bond between two cells would scale linearly with the contact  
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Figure 3.7:  Adhesion receptor expression on HUVECs following a 4 hour treatment 
with linoleic acid bound to BSA in a 2:1 molar ratio.  Receptor expression on the 
HUVECS was enhanced with the addition 560 U/mL TNF-!.  Data presented as mean 
± SEM with n = 4 for each condition.  Expression of CD62E (E-selectin) on TNF-! 
activated HUVECs was reduced (*p < 0.05) following treatment with 23 µM LA-BSA 
compared to activated HUVECs with no LA-BSA treatment. 
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Figure 3.8:  Effects of LA-BSA treatment on the contact area between U937 monocytes 
and HUVECs.  Data presented as mean ± SEM.  The contact area does not increase 
following treatment with LA-BSA.  Contact area was significantly reduced (***p < 
0.001) following activation of the HUVECs with 560 U/mL TNF-!.  Treatment of the 
U937 cells with 23 µM LA-BSA in combination with activation of the HUVECs 
increased the contact area (*** p < 0.001). 
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area between the cells.  The relationship between the contact area and the frequency of 

tether extraction was assessed by repeating tether extraction experiments with a 

reduced contact area between the cells.  The contact area was reduced through a 

reduction in the pressure applied to the monocyte during impact with the endothelial 

cell.  As shown in Figure 3.5, the largest increase in tether frequency was observed 

following treatment of both activated HUVECs and U937 cells with 50 µM LA-BSA. 

Using the reduced impact force, I repeated the tether extraction experiment for this 

condition and the control case of activated HUVECs with no linoleic acid treatment on 

either cell.  The contact area and frequency of tether extraction were measured and 

compared to data obtained in Section 3.3.1.  The data are shown in Figure 3.9.  For 

TNF-! activated HUVECs with 0 µM LA-BSA on either cell, the impact force on the 

monocyte was reduced from 280.59 ± 4.93 pN/µm2 (n = 187) to 104.72 ± 2.71 pN/µm2 

(n = 213).  The contact area was significantly reduced (p < 0.001) from 42.54 ± 0.7 µm2 

(mean ± SEM) to 33.1 ± 0.38 µm2, a 22% reduction in contact area.  However, the total 

frequency of tether extraction did not change.  For TNF-! activated HUVECs with 50 

µM LA-BSA treatment on both cells, the impact force on the monocyte was reduced 

from 349.16 ± 8.18 pN/µm2 (n = 156) to 118.39 ± 2.61 pN/µm2 (n = 85).  The contact 

area was significantly reduced (p < 0.001) from 41.93 ± 0.73 µm2 (mean ± SEM) to 30.02 

± 0.55 µm2, a 28% reduction in contact area.  The total frequency of tether extraction 

also decreased significantly (p < 0.01) with a 56% reduction in tether frequency.  

Together these results show that the frequency of tether extraction does not scale linearly 

with changes in contact area.  Linoleic acid treatment of monocytes and endothelial cells 

increases the frequency of tether extraction independently from changes in contact area. 
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Figure 3.9:  Frequency of tether extraction between U937 cells and HUVECs does not 
scale linearly with contact area.  Data presented as mean ± SEM for both single and 
double tethers.  Treatment of both cell types with 50 µM LA-BSA increases tether 
frequency independently of contact area. 
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3.3.6 Linoleic acid and BSA may independently increase tether 
formation between U937 monocytes and HUVECs  

 

To test the independent effects of linoleic acid and BSA, cells were treated with 

either 50 µM linoleate dissolved in 100% ethanol (EtOH) or 25 µM fatty acid free BSA, 

the amount of BSA present in the 50 µM LA-BSA solution used in the previous 

experiment.  Only the case of activated HUVECs with treatment of both cells types was 

repeated since that was the case with the most significant change in tether frequency. 

Treatment of U937 cells and activated HUVECs with 50 µM LA-EtOH 

significantly increased (p < 0.01) the total frequency of tether formation compared to the 

control treatment of both cells with an equivalent amount of EtOH (Figure 3.10).  The 

increase in tether frequency following LA-EtOH treatment was not as great as the 

increase in tether frequency following LA-BSA treatment.  An additional experiment 

was performed with 50 µM oleic acid (Sigma Aldrich, St. Louis, MO), an 18-carbon 

polyunsaturated fatty acid with one double bond, dissolved in EtOH.  Treatment with 

oleic acid had no effect on the frequency of tether extraction.  The results show that 

linoleic acid alone is capable of increasing the frequency of tether formation between 

U937 monocytes and HUVECs. 

Treatment of U937 cells and activated HUVECs with 25 µM fatty acid free BSA 

also significantly increased the frequency of tether extraction (p < 0.01) compared to the 

control case with activated HUVECs and no treatment of either cell type (Figure 3.11).  

The increase in tether frequency following BSA treatment was greater than the increase 

observed following LA-EtOH treatment and was similar in magnitude to the increase 

observed following LA-BSA treatment.  The results show that fatty acid free BSA alone  

is also capable of increasing the frequency of tether formation between U937 monocytes 

and HUVECs.  The data also indicate that the increase in tether frequency observed
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Figure 3.10:  Linoleic acid alone increased frequency of tether extraction between U937 
monocytes and activated HUVECs.  Data presented as mean ± SEM for both single and 
double tethers.  The total frequency of tether extraction increased significantly following 
the treatment of both cells with 50 µM LA (**p < 0.01) as compared to the control case 
of activated HUVECs with both cells treated with ethanol equivalent to the amount 
present in the LA-EtOH culture.  Treatment of both U937 cells and activated HUVECs 
with 50 µM oleic acid (OA) dissolved in ethanol had no effect on the frequency of tether 
extraction. 
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Figure 3.11:  BSA alone increased frequency of tether extraction between U937 
monocytes and activated HUVECs.  Data presented as mean ± SEM for both single and 
double tethers.  The total frequency of tether extraction increased significantly (**p < 
0.01) following the treatment of both cell types with 25 µM fatty acid free BSA 
compared to the control case of activated HUVECs with no BSA treatment on either cell 
type. 
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following LA-BSA treatment in Section 3.3.1 was likely dominated by the effects of BSA 

rather than linoleic acid. 

Since linoleic acid dissolved in ethanol significantly increased the frequency of 

tether formation independently of BSA, the remaining experiments performed in this 

study used LA-EtOH to examine the effects of linoleic acid on U937 cells and HUVECs. 

3.3.7 Tether extraction from TNF-!  activated HUVECs occurred 

primarily through E-selectin 
 

Monocyte adhesion to the endothelium may be supported by ICAM-1, VCAM-1, 

and E-selectin receptors expressed on the endothelium.  Flow cytometry analysis of 

HUVECs showed that all three of these receptors are expressed at high levels on 

activated HUVECs.  To examine the contributions of each receptor to tether extraction 

from the HUVECs, latex beads coated with antibodies specific to each receptor were 

used to extract tethers from activated HUVECs without LA treatment.  Experiments 

were performed similarly to the two-cell tether experiments with a single bead taking the 

place of the U937 cell (see Section 4.2.3 for details).  The frequency of tether extraction 

for each antibody used is shown in Figure 3.12.  Only beads coated with anti-CD62E 

antibodies significantly increased (p < 0.01) the frequency of tether extraction as 

compared to beads coated with anti-IgG controls. 

To confirm the significance of E-selectin on tether extraction between U937 

monocytes and activated HUVECs, a tether extraction experiment was performed with 

antibody blocking of the E-selectin receptor on the HUVECs.  HUVECs were incubated 

with 560 U/mL TNF-! and 50 µM LA-EtOH for 4 hours.  E-selectin receptors were 

blocked with the addition of 50 µg/mL anti-CD62E (Santa Cruz Biotechnology, Santa 

Cruz, CA) for the final hour of incubation.  U937 cells were incubated with 50 µM LA-

EtOH for 4 hours.  As shown in Figure 3.13, the blocking of E-selectin significantly
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Figure 3.12:  Tether extraction from TNF-! activated HUVECs occurs primarily via the 
E-selectin receptor.  Data presented as mean ± SEM for both single and double tethers.  
Tethers were extracted using beads coated with anti-IgG control, anti-CD106 (VCAM-
1), anti-CD54 (ICAM-1), and anti-CD62E (E-selectin) antibodies.  Only anti-CD62E 
significantly increased (**p < 0.01) the tether frequency compared to the IgG controls. 
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Figure 3.13:  Frequency of tether extraction may be blocked with anti-CD62E 
antibodies.  Data presented as mean ± SEM for both single and double tethers.  E-
selectin receptors were blocked with 50 µg/mL anti-CD62E antibodies for 1 hour.  The 
total frequency of tether extraction was significantly reduced (**p < 0.01) following E-
selectin blocking. 
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reduced (p < 0.01) the frequency of tether extraction between the cells compared to the 

same treatment condition without E-selectin blocking.  It should be noted that one of the 

seven HUVEC-U937 cell pairs had a tether frequency of 70% indicating that tethering 

was not successfully blocked for that pair.  The average tether frequency was less than 

5% for the other six cells.  The results of these experiments suggest that E-selectin is the 

primary adhesion receptor involved in tether extraction between U937 cells and 

HUVECs. 

3.3.8 Clustering of E-selectin was not observed following LA-EtOH 
treatment 

 

Although linoleic acid did not increase the number of E-selectin receptors 

expressed on activated HUVECs, clustering of E-selectin receptors within the contact 

region could lead to an increase in bond formation between monocytes and endothelial 

cells.  Confocal microscopy of HUVECs stained for E-selectin was used to evaluate E-

selectin clustering on the HUVECs following treatment with TNF-! alone, TNF-! with 

50 µM LA-EtOH, or 0.1% EtOH (equivalent to volume of EtOH in 50 µM LA-EtOH.  

Images were taken of seven randomly selected fields of view for each treatment 

condition.   Three sample images from each treatment condition are shown in Figure 

3.14.  Although there was some clustering with TNF-! treatment, there was no visible 

increase in clustering following treatment with LA-EtOH.   
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Figure 3.14:  Linoleic acid treatment does not lead to clustering of E-selectin.  Three 
random fields of view are displayed for P5 HUVECs treated with either 560 U/mL 
TNF-!, 560 U/mL TNF-! with 0.1% EtOH, or 560 U/mL TNF-! with 50 µM LA-
EtOH.   
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3.3.9 E-selectin did not colocalize with lipid rafts, but did increase 
colocalization with !-adaptin following LA-EtOH treatment 

 

Clustering of E-selectin in HUVEC lipid rafts and clathrin-coated pits enhance 

E-selectin-mediated leukocyte rolling [111].  Although there was no visible alteration in 

the distribution of E-selectin following treatment with LA-EtOH, I examined 

fluorescently labeled HUVECs for changes in the colocalization of E-selectin with lipid 

raft domains or with clathrin-coated pits. 

The association of E-selectin with clathrin-coated pits was evaluated by the 

colocalization of E-selectin with !-adaptin, a clathrin-associated protein.  The staining 

procedure was similar to previous reports of !-adaptin staining of endothelial cells 

[111, 179].  Seven fields of view were analyzed for each treatment condition.  A sample 

field of view from each treatment condition is shown in Figure 3.15.  The addition of 

0.1% EtOH alone had no effect on the Pearson correlation coefficient compared to the 

activated control HUVECs (0.152 ± 0.13 versus 0.206 ± 0.027, mean ± SEM).  The 

addition of 50 µM LA-EtOH significantly increased (p < 0.001) the Pearson correlation 

coefficient (0.302 ± 0.029) compared to the HUVECs treated with 0.1% EtOH alone 

(0.15 ± 0.13).  The data indicated that E-selectin is not strongly associated with !-

adaptin, but treatment with 50 µM LA-EtOH does increase the colocalization of E-

selectin and !-adaptin. 

For colocalization of E-selectin with the GM1 lipid raft ganglioside, eight fields of 

view were analyzed.  A sample field of view from each treatment condition is shown in 

Figure 3.16.  The addition of 0.1% EtOH alone had no effect on the Pearson correlation 

coefficient compared to the activated control HUVECs (0.122 ± 0.014 versus 0.128 ±  
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Figure 3.15:  Colocalization of E-selectin with !-adaptin.  A sample field of view is 
presented for P5 HUVECs treated with either 560 U/mL TNF-!, 560 U/mL TNF-! 
with 0.1% EtOH, or 560 U/mL TNF-! with 50 µM LA-EtOH.  E-selectin was stained 
with rabbit anti-human CD62E primary antibodies and secondary goat anti-rabbit 
secondary antibodies conjugated to AlexaFluor 546.  !-adaptin was stained with mouse 
anti-human !-adaptin and goat anti-mouse antibodies conjugated to AlexaFluor 488.  
The average Pearson correlation coefficient increases following treatment with 50 µM 
LA-EtOH. 
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Figure 3.16:  Colocalization of E-selectin with lipid rafts.  A sample field of view is 
presented for P5 HUVECs treated with either 560 U/mL TNF-!, 560 U/mL TNF-! 
with 0.1% EtOH, or 560 U/mL TNF-! with 50 µM LA-EtOH.  E-selectin was stained 
with rabbit anti-human CD62E primary antibodies and secondary goat anti-rabbit 
secondary antibodies conjugated to AlexaFluor 546.  Lipid rafts were stained with 
cholera toxin subunit B (CTB) conjugated to AlexaFluor 488.  CTB binds to the GM1 
ganglioside.  Treatment with 50 µM LA-EtOH had no effect on colocalization of E-
selectin with lipid rafts. 
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0.007, mean ± SEM).  The addition of 50 µM LA-EtOH also had no effect on the 

Pearson correlation coefficient (0.148 ± 0.007) compared to the HUVECs treated with 

0.1% EtOH alone (0.122 ± 0.014).  The data indicated that E-selectin is not strongly 

associated with lipid rafts and treatment with 50 µM LA-EtOH doe not affect the 

colocalization of E-selectin and lipid rafts. 

3.3.10 U73122 phospholipase inhibitor inhibits tether extraction 
between U937 monocytes and HUVECs treated with 50 !M LA-EtOH 

 

In Section 2.3.9, I found that the reduction in cortical tension resulting from 

treatment of U937 monocytes with 50 µM LA-EtOH could be prevented through 

treatment with 1 µM U73122, a phospholipase C inhibitor.  To examine the effects of 

U731222 on tether extraction between monocytes and activated endothelial cells, both 

cell types were pretreated with 1 µM U73122 followed by treatment with 50 µM LA-

EtOH.  As shown in Figure 3.17, treatment with U73122 significantly reduced (p < 

0.001) the frequency of tether extraction between the cells compared to the same 

treatment condition without U73122 treatment.  The results suggest that linoleic acid 

increases tether extraction through a phospholipase C dependent mechanism.  I 

observed only one contact in which the cells appeared to form a bond without tether 

extraction.  These results suggest that the inhibition of phospholipase C affected the 

receptor affinity or distribution. 

3.4 Discussion 

The results of this study showed that linoleic acid in solution or conjugated to 

BSA increased tether extraction between monocytes and endothelial cells.  Using linoleic
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Figure 3.17:  Frequency of tether extraction following treatment with 50 µM LA-EtOH is 
reduced by the addition of U73122.  Data presented as mean ± SEM for both single and 
double tethers.  Both cells were pretreated with 1 µM U73122 for 30 minutes prior to the 
addition of 50 µM LA-EtOH for 4 hours.  The total frequency of tether extraction was 
significantly reduced (***p < 0.001) in the presence of U73122. 

*** 
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acid bound to albumin at a 2:1 molar ratio, I observed a general increase in the total 

frequency of tether extraction and an increase in double tether extraction between U937 

monocytes and activated HUVECs following linoleic acid treatment.  The greatest 

increase in tether frequency and double tether extraction was observed following the 

treatment of both cells with 50 µM LA-BSA.  These results are consistent with our lab’s  

previous report of increased tethering events and reduced Mono Mac 6 rolling velocities 

under flow conditions following the treatment of Mono Mac 6 monocytes with 23 µM 

LA-BSA [24]. 

Monocyte rolling on the endothelium occurs through a sequence of bond 

formation, cell rotation, bond rupture, and the formation of new bonds.  Tether 

extraction from either the monocyte or the endothelial cell prior to rupture stabilizes 

rolling by extending the bond lifetime and keeping the monocyte in close contact with the 

endothelium [62].  Double tethers may result from the formation of multiple bonds 

within the contact region between the cells.  Since the pulling force applied to the 

monocyte is divided across two bonds, the decrease in the force per bond during tether 

extraction is more significant than in the case of single tether extraction [130].  Thus the 

presence of double tethers prolongs tether lifetimes and stabilizes monocyte rolling more 

effectively than single tethers alone.  This decrease in bond force has been demonstrated 

in micropipette studies of HUVECs [129] and neutrophils [130].  Multiple tether 

extraction has been directly observed from neutrophils rolling on P-selectin coated 

surfaces [178, 181].  The increase in double tether formation following linoleic acid 

treatment observed in this study indicated an increase in bond formation.  This 

observation is consistent with a model of bond formation that predicts multiple bond 

formation when the adhesion frequency exceeds 30% [182]. 
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Since the data presented in Chapter 2 showed that linoleic acid and bovine 

serum albumin have independent effects on cortical tension, I examined the independent 

effects of LA and BSA on tether frequency by examining the case in which U937 

monocytes and activated HUVECs were both treated with either FA-free BSA or 

linoleate dissolved in ethanol.  As in the case of cortical tension, both 50 µM LA-EtOH 

and 25 µM FA-free BSA had similar independent effects on tether extraction.  Both 

treatments significantly increased the total tether frequency.  The increase observed 

following 50 µM LA-EtOH treatment was less than the increase in frequency observed 

following treatment with 50 µM LA-BSA or 25 µM BSA alone.  These results suggest 

that the increase in frequency following LA-BSA treatment was dominated by the effects 

of BSA rather than linoleic acid.  As discussed in Chapter 2, LA bound to BSA at a 2:1 

molar ratio leaves 4-5 fatty acid binding sites free on each albumin molecule.  The 

equilibrium model presented in Figure 2.7 indicated that the concentration of free linoleic 

acid was low under these conditions.  The effects of LA-BSA on tether frequency are 

likely dominated by the removal of saturated fatty acids from the cells’ membranes with 

some exchange of linoleic acid from the albumin to the membrane.  However, the 

experiments with LA-EtOH treatment clearly show an increase in tether formation due 

to the effects of linoleic acid alone.  A separate experiment with 50 µM oleic acid, an 

18:1 polyunsaturated fatty acid, dissolved in ethanol did not affect the frequency of 

tether extraction.  Linoleic acid has a unique effect on tether formation that cannot be 

attributed simply to a change in the total fatty acid content of the cell membrane. 

One potential explanation for the increase in tether extraction following linoleic 

acid treatment is an increase in the probability of receptor-ligand bond formation within 

the contact region between the monocyte and the endothelial cell.  A model of receptor-
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ligand binding kinetics between two cells was used to analyze adhesion in micropipette 

assays [183].  According to the model, the probability of adhesion is dependent on the 

contact area (Ac), the receptor density (mr), the ligand density (ml), the contact time (t), 

the reverse rate constant (kr
0), and the binding affinity (Ka

0) as shown in Equation 3.4.  

This expression assumes that all positive adhesions are detected and not falsely 

discounted as nonadhesive events and that the average number of bonds formed follows 

a Poisson distribution.  

  

! 

Pa = 1" exp "Acmr mlKa
0 1" exp("kr

0t)[ ]{ }    (3.4) 

Within a short contact period (t = 0.25 s), comparable to the contact times observed in 

this study, the receptor-ligand bond is essentially irreversible and kr!0.  Equation 3.4 

can then be written as shown in Equation 3.5: 

  

! 

Pa = 1" exp "Acmr mlkft{ }     (3.5) 

According to Equation 3.4, an increase in the contact area would increase the 

probability of forming a receptor-ligand bond.  Experimentally, increasing the 

impingement force on a neutrophil in contact with an antibody-coated bead increased 

the contact area and led to a linear increase in bond formation [8]. Under flow 

conditions, an increase in shear stress increased bond formation and monocyte tethering 

to endothelial cells [176].  As shown in Chapter 2, linoleic acid treatment decreases the 

cortical tension of the monocyte leading to an increase is cell deformability.  Models of 

leukocyte adhesion predict that increased deformability will increase cell adhesion 

[145].  Based on these reports, I hypothesized that linoleic acid treatment would 

increase the contact area between the monocyte and the endothelial cell.  However, the 

contact area did not significantly increase following treatment with LA-BSA but actually 
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decreased slightly.  The lack of correlation between contact area and tether frequency in 

the LA-BSA treatment data set may be due to the range of forces used in this study, 

factors that may affect cell deformation, and errors in the determination of the contact 

length.  Variations in impact forces were due primarily to variations in cell size, pipette 

size, and the gap between the cell and the pipette wall.  Approximately 90% of the 

impact forces were in the range of 200-800 pN.  Within a given treatment condition, the 

range of forces was relatively narrow, and there was not a strong correlation between 

impact force and contact area.  For neutrophils with a cortical tension of 23 pN/µm in 

contact with beads, increasing the impingement force on the cell from 200 pN to 350 pN 

resulted in an increase in the contact area from approximately 7 µm2 to approximately 

13 µm2 [184].  The deformation of the cell was dependent on the force applied to the cell 

and the cortical tension of the individual cell.  Our lab has observed a 16% increase in 

contact area between Mono Mac 6 monocytes and HUVECs following a two-fold 

increase in the applied force (unpublished data).  Due to the stiffness of the U937 

monocytes (cortical tensions ranging from 33.1 pN/µm for the 50 µM LA-BSA treatment 

to 57.3 pN/µm for untreated cells) compared to neutrophils and the range of forces 

applied to the cells, significant deformation may not have been achieved under these 

experimental conditions.  The measurement of the contact length was also limited by 

changes in pipette alignment during the experiment and the ability to resolve the edges of 

the contact length between the cells.  Since the contact length was measured in pixels, a 

mismeasurement of the length by 1-2 pixels at each end of the contact length would 

result in a difference of 0.14-0.57 µm2 in the calculation of the contact area.  This is 

within the experimental error reported in this study. 
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The relationship between contact area and tether frequency was examined in 

more detail in the case of U937 cells and activated HUVECs both treated with 50 µM 

LA. Tether extraction was performed at two different impact forces in order to achieve 

a significant difference in contact area.  Increasing the contact force led to a nonlinear 

increase in total tether frequency.  Since bond formation was expected to increase 

linearly with contact area [8], the nonlinear increase in tether frequency suggested that 

linoleic acid increased tether frequency through a mechanism other than the increase in 

contact area alone. 

The roles of receptor and ligand density were investigated by testing the effects 

of linoleic acid on U937 receptors and their corresponding HUVEC ligands.  Receptor 

expression did not increase on either cell type, and E-selectin expression actually 

decreased on TNF-! activated HUVECs following LA-BSA treatment.  Based on this 

data, receptor expression alone did not increase tether formation between monocytes 

and endothelial cells.  However, it should be noted that the flow cytometry data 

provided an average expression level for a population of thousands of cells while the 

tether experiments involved single cell interactions.  Receptor expression could vary 

significantly from cell to cell leading to a unique probability of adhesion for each cell 

pair.  Although the micropipette technique used in this study was advantageous for 

detecting individual tethers and measuring contact areas, the limited number of cells 

tested in the tether experiments and cell to cell variation may introduce a larger degree of 

variability in the results compared to experimental methods that examine larger cell 

populations.  Based on the receptor expression data from U937 cells, the probability 

that the expression levels of the monocytes sampled in the tether experiments fell greater 

than one standard deviation from the population mean was estimated at approximately 
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1%.  It is likely that the results from the small sample of cells are representative of the 

overall cell population. 

To determine the primary endothelial receptor involved in the tethers extracted in 

this study, beads coated with anti-ICAM-1, anti-VCAM-1, and anti-E-selectin were 

used to extract tethers from activated HUVECS.  A significantly larger number of tethers 

were extracted through the E-selectin ligand.  The use of anti-ICAM-1 antibodies also 

resulted in an increase in tether extraction, although the increase was not statistically 

significant.  Few tethers were extracted through VCAM-1 binding.  Since the initial 

leukocyte-endothelial bonds and leukocyte rolling are mediated through the selectin 

family of receptors [175], the identification of E-selectin as the primary ligand involved 

in tether extraction was consistent with the general theory of monocyte adhesion. 

In addition to the overall expression levels of different receptors and ligands, the 

formation of selectin and integrin receptor-ligand bonds is influenced by the affinity and 

avidity of the receptors.  Exposure to hydrodynamic shear forces above 0.3 dyn/cm2 

increases L-selectin avidity and stabilizes lymphocyte rolling [185].  Activation of 

leukocytes increases LFA-1 avidity by releasing the LFA-1 cytoplasmic tail from its 

connection to the cytoskeleton [186] and allowing LFA-1 to form nanoclusters with an 

average diameter of 150 nm on the surface of the leukocyte [187].  The affinity of VLA-4 

for VCAM-1 is regulated by divalent cations [188].  An increase in intracellular Ca2+ 

levels leads to a conformational unbending of the integrin that increases VLA-4 affinity 

[189].  The conformational change of the binding pocket increases the capture efficiency 

of VLA-4 and increases the lifetime of VLA-4/VCAM-1 bond [189]. 

Although total expression of E-selectin was not affected by linoleic acid 

treatment, the distribution of E-selectin within the contact region could affect monocyte 
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adhesion.  The association of E-selectin with lipid rafts or clathrin-coated pits in 

HUVECs facilitates leukocyte rolling [111].  The incorporation of E-selectin into lipid 

rafts or clathrin-coated pits forms clusters of E-selectin that favor the formation of 

clusters of bonds with E-selectin ligands expressed on leukocyte microvilli.  Disruption 

of lipid rafts or clathrin-coated pits reduces E-selectin-mediated leukocyte rolling on 

HUVECs [111].   

When linoleic acid is added to cells, it is incorporated into the fluid domain of 

the plasma membrane [102] and may affect the distribution of microdomains within the 

membrane [190] or alter the distribution of receptors on the membrane.  To explore the 

effects of linoleic acid on the distribution of E-selectin within the membrane, fluorescent 

staining was used to detect colocalization of E-selectin with GM1, a lipid raft 

ganglioside, and !-adaptin, a clathrin-associated protein.  In activated HUVECs 

without linoleic acid treatment, I observed a small, positive correlation between E-

selectin and both GM1, and !-adaptin.  Treatment of activated HUVECs with 50 µM 

LA-EtOH had no effect on E-selectin colocalization with GM1, but did increase the 

correlation between E-selectin and !-adaptin.  Although there was an increase in the 

association of E-selectin with clathrin-coated pits, there were no visible signs of E-

selectin clustering following linoleic acid treatment.  This may be due to the ability of 

adhesion receptors to form nanoclusters that are too small to be visible by conventional 

fluorescent microscopy techniques.  Labeling with 10 nm gold nanoparticles has shown 

that LFA-1 may form nanoclusters with an average diameter of 150 nm on monocytes 

[187].  Although the number of LFA-1 receptors per cluster was not reported, the 

authors found that most nanoclusters contained a total of 1-16 gold particles [187].  

Linoleic acid increased the association of E-selectin with clathrin-coated pits, but the 
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correlation between E-selectin and !-adaptin was still low (approximately 30%).  It is 

unlikely that the large increase in tether frequency following linoleic acid treatment was 

due to the increase of E-selectin in clathrin-coated pits. 

According to Equation 3.5, the affinity of a receptor for its ligand impacts the 

probability of adhesion.  Since the increase in tether frequency following linoleic acid 

treatment was not dependent on contact area or receptor density, the affinity of the 

adhesion receptors may have played a key role in this study.  Treatment of activated 

HUVECs altered the organization of E-selectin by increasing its localization to clathrin-

coated pits.  Since linoleic acid affects E-selectin mobility, it is possible that linoleic acid 

increased the affinity of E-selectin as well through a change in the conformation of E-

selectin. Linoleic acid could also affect the E-selectin ligand.  Monocyte integrins such as 

VLA-4 [189] and LFA-1 [191] have inducible high affinity conformations.  Linoleic acid 

may affect the affinity of E-selectin ligands directly or through an indirect signaling 

mechanism. 

In addition to affecting the probability of bond formation, linoleic acid could 

increase tether formation through a decrease in the adhesion energy between the plasma 

membrane and the cytoskeleton.  Tether extraction requires the separation of the 

membrane from the cytoskeleton.  A reduction in the adhesion energy reduces the 

resistance of the flow of membrane material into the tether leading to a reduction in the 

threshold force for tether extraction [127].  The adhesion of the membrane to the 

cytoskeleton is regulated by PIP2 [124].  Hydrolysis of PIP2 by phospholipase C leads to 

a localized reduction in PIP2 that disrupts the linkage of the plasma membrane to the 

actin cytoskeleton.  Linoleic acid treatment has been associated with increased 

phospholipase C activity in locust cells [161] and a phospholipase C mediated increase 
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in calcium concentration in chicken hepatocytes [162].  U73122, a phospholipase C 

inhibitor, was used to explore the effects of linoleic acid on phospholipase C activity 

and its role in tether extraction.  Inhibition of phospholipase C with U73122 

significantly reduced the total frequency of tether extraction between U937 cells and 

activated HUVECs treated with 50 µM LA-EtOH.  No double tethers were observed 

following U73122 treatment.  U73122 does not affect adhesion receptor expression on 

HUVECs [192], but it can block a signaling step critical to the increase in VLA-4 affinity 

[189].  Since tether formation appeared to be governed by E-selectin bonding rather than 

VCAM-1 bonding, it is unlikely that the effects of U73122 on VLA-4 affinity had a 

strong effect on the frequency of tether formation.  These results suggest that linoleic acid 

increases tether extraction through a phospholipase C dependent mechanism.  If linoleic 

increases phospholipase C activity in monocytes or endothelial cells as it does in locust 

cells [161], it may increase PIP2 hydrolysis. PIP2 hydrolysis would lead to a decrease in 

the adhesion energy between the plasma membrane and the actin cytoskeleton. The 

reduction in adhesion energy would provide less resistance to tether extraction following 

the formation of a bond between the monocyte and the endothelial cell. 

The results of this study showed that linoleic acid increased tether extraction 

between monocytes and endothelial cells, but the increase in tether frequency observed in 

this study was not due to an increase in contact area or significant changes in the 

distribution of adhesion receptors within the plasma membrane.  The data also showed 

that phospholipase C played a critical role in the effects of linoleic acid on tether 

extraction between monocytes and endothelial cells.  Based on these results and the 

effects of linoleic acid on cortical tension presented in Chapter 2, linoleic acid appears 

to affect the structure of the actin cytoskeleton and its association with the plasma 
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membrane.  The role of linoleic acid on the adhesion between the plasma membrane and 

the cytoskeleton will be addressed in Chapter 4. 
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Chapter 4.  Linoleic acid reduces the initial force required to 

extract a membrane tether 
 

4.1 Introduction 

The attachment of monocytes to the endothelium is a critical step in the early 

stages of atherosclerotic lesion development [175].   Attachment is a multi-step process 

facilitated by adhesion receptors expressed on the surfaces of monocytes and 

endothelial cells.  Following the initial contact with the endothelium, monocytes roll 

along the surface before firmly adhering to the endothelium.  The rolling process is 

facilitated primarily by P- and E-selectin expressed on endothelial cells [67, 68], L-

selectin expressed on monocytes [66], and the VLA-4 integrin expressed on monocytes 

[193].  During the initial contact and rolling steps, the application of a force to the 

receptor-ligand bond above a threshold value results in the extraction of a thin, 

cylindrical membrane tube known as membrane tether from the lipid bilayer [177].  The 

formation of multiple bonds may result in the extraction of multiple simultaneous tethers 

[129, 130].  The extraction of a membrane tether reduces the pulling force on the bond, 

extends the tether lifetime, reduces the rolling velocity of the monocyte, and keeps the 

monocyte in close contact with the endothelium [63, 122, 178].  These actions increase 

the likelihood of transition from rolling to firm arrest through integrin bonding. 

Micropipette aspiration techniques have been used to investigate tether 

extraction from a variety of cell types and to develop a mechanical model of tether 

formation [63, 64, 118, 123, 128, 194].  Tether mechanics are primarily characterized by 

two values:  the threshold force (F0) applied to the bond that must be overcome to 

extract a tether from the cell membrane and the effective viscosity (µeff) of the tether 
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[128].  For the extraction of single tethers, the pulling force (F) imposed on the cell is 

related to the tether growth velocity (Ut) as shown in Equation 4.1 [118]: 

! 

F = F
0

+ 2"µeffUt      (4.1) 

F0 is dependent on the adhesion energy (!) between the cell membrane and the 

cytoskeleton, the bending modulus of the membrane (B), and the far-field membrane 

tension (T), and the tether radius (Rt) as shown in Equation 4.2 [118]: 

      

! 

F0 = 2"Rt (T + #) + "B/Rt     (4.2) 

 Due to the relationship between the tether radius and the far-field tension 

(Rt=B/2(T+!)), Equation 4.2 may be rewritten as shown in Equation 4.3. 

  

! 

F
0

= 2" 2B T + #( )      (4.3) 

µeff, represents viscous resistance to tether flow derived from the interbilayer slip within 

the membrane (µsi), the slip of the membrane of the cytoskeleton (µsc), and the membrane 

surface viscosity (µm) as shown in Equation 4.4 [118]: 

! 

µeff = 2µm + µsih
2
ln(R0 /Rt ) + µscRt

2
ln(R0 /Rt )  (4.4) 

where h is the membrane thickness, Rt is the tether radius, and R0 is the far-field radius.   

Using this model, passive human neutrophils have been reported to have F0 = 46 pN and 

µeff = 1.8 pN"s/µm [64, 128] while human umbilical vein endothelial cells have been 

reported to have F0 = 50 ± 2 pN and µeff = 0.50 ± 0.03 pN"s/µm (error reported as SD) 

[63].  No threshold force or effective viscosity values have been reported for human 

monocytes. 

The threshold force and effective viscosity are significantly altered through 

disruption of the actin cytoskeleton.  Treatment of neutrophils with 0.3 µM latrunculin A 

significantly reduced the threshold force to 22.5 ± 3.2 pN (error reported as SD) and 
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significantly reduced the effective viscosity to 0 pN!s/µm [127].  Treatment of 

neutrophils with 100 µM cytochalasin D reduced the threshold force to 31 pN and 

significantly reduced the effective viscosity to 0.51 pN!s/µm [128].  In the EAhy.926 

endothelial cell line, treatment of the cells with 0.5 µM latrunculin A reduced the 

threshold force from 29 pN to 15 pN [195].  The effective viscosity of the EAhy.926 

cells was not reported.  

Our lab has previously reported an increase in monocyte tethering to endothelial 

cells under flow conditions following treatment of the monocyte with the 18-carbon 

polyunsaturated fatty acid linoleic acid at concentrations up to 23 µM [24].  The 

increase in tether frequency was associated with a decrease in cortical tension of 

monocytes, a mechanical property of the cells that is derived from the myosin cross-

linked filamentous actin cytoskeleton beneath the lipid bilayer [140].  Our results 

suggested that linoleic acid induces physiological changes in monocytes that lead to an 

increase in tether formation between monocytes and endothelial cells.  Changes in 

monocyte rolling velocity were attributed to increased tether formation, but the effects of 

linoleic acid on tether extraction were not directly assessed.  In this study, I tested the 

hypothesis that exposure to linoleic acid decreases the threshold force required to 

extract a membrane tether from a monocyte or an endothelial cell.  Antibody-coated 

beads were used to extract tethers from U937 monocytes and human umbilical vein 

endothelial cells (HUVECs) following treatment with or without linoleic acid.  It was 

shown that treatment of monocytes with 50 µM linoleic acid reduced the threshold force 

for tether extraction and increased the effective viscosity of the tether.  Treatment of 

activated HUVECs with 50 µM linoleic acid did not affect the threshold force but 

caused a decrease in the tether viscosity.  Treatment of U937 monocytes with 5 µM 
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jasplakinolide, an actin polymerizing agent, suggested that exposure to linoleic acid 

reduces the adhesion between the cell membrane and the actin cytoskeleton.  Treatment 

of U937 monocytes with U73122, a phospholipase C inhibitor, prevented the changes in 

tether properties observed following linoleic acid treatment. 

4.2 Materials and methods 

4.2.1 Cell culture 

4.2.1.1 Monocyte cell culture 

A sample of the U937 monocyte cell line [156] was acquired from the American 

Type Culture Collection (Manassas, VA) through the Duke University Cell Culture 

Facility.  U937 cultures were maintained in a vented tissue culture flask in a cell 

incubator at 37 ˚C with a 5% CO2 atmosphere.  The growth medium was composed of 

RPMI 1640 (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum 

(Hyclone, Logan, UT), 10 mM HEPES (Gibco, Carlsbad, CA), 4.5 g/L glucose (Sigma 

Aldrich, St. Louis, MO), 1 mM sodium pyruvate (Gibco, Carlsbad, CA), and 1.5 g/L 

sodium bicarbonate (Gibco, Carlsbad, CA).  The culture medium was exchanged every 

two days by centrifugation of the culture and subsequent resuspension of the cells in 

fresh medium at a concentration of 5!105 viable cells/mL.  Cell viability was assessed 

by trypan blue exclusion and typically ranged from 95-98%. 

For tether extraction experiments, a subculture of U937 monocytes was 

centrifuged and resuspended at a concentration of 7.5!105 cells/mL in fresh culture 

medium containing the desired concentration of linoleate dissolved in 100% ethanol.  

The cells were incubated under the treatment conditions at 37 ˚C with a 5% CO2 
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atmosphere for a total of four hours prior to the tether extraction experiment.  For 

jasplakinolide treatments, 5 µM jasplakinolide (Molecular Probes, Eugene, OR) was 

added to the culture for the final 30 minutes of treatment.  Cultures were kept at room 

temperature during the jasplakinolide treatment.  For U73122 treatments, U937 cells 

were pretreated with 1 µM U73122 (Cayman Chemical, Ann Arbor, MI) dissolved in 

100% ethanol for 30 minutes prior to the addition of 50 µM LA-EtOH for 4 hours.  

U73122 was present throughout the incubation period. 

4.2.1.2 Human umbilical vein endothelial cell culture 

Human umbilical vein endothelial cells (HUVECs) at passage 1 were obtained 

from Lonza (Walkersville, MD) through the Duke University Cell Culture Facility and 

cultured in a growth medium of endothelial basal medium supplemented with a 

SingleQuots kit of growth supplements that included bovine brain extract, hEGF, 

hydrocortisone, gentamicin, and fetal bovine serum (Lonza, Walkersville, MD).  The 

final serum concentration of the growth medium was 2%.  HUVECs were seeded onto a 

vented polystyrene tissue culture flask and maintained in a cell incubator at 37 ˚C with 

a 5% CO2 atmosphere.  Medium was changed every other day.   

Once the HUVEC culture reached approximately 80% confluence, the culture 

was passaged using trypsin EDTA.  The culture medium was aspirated from the cells 

and the cells were rinsed in Ca2+ and Mg2+ free Dulbecco’s phosphate buffered saline 

solution (DPBS).  The DPBS was aspirated and the cells were detached from the flask 

using a 0.025% trypsin-EDTA solution (Lonza, Walkersville, MD).  After three to four 

minutes, the flask was gently tapped to remove any remaining attached cells and the 

trypsinization was stopped with the addition of a trypsin neutralizing solution (Lonza, 

Walkersville, MD).  The cells were centrifuged at 1,500 rpm for 5 minutes and 
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resuspended in growth media.  Cells were counted in a hemacytometer.  Cells were 

seeded onto a new tissue culture flask, frozen in growth media containing 10% dimethyl 

sulfoxide (Sigma Aldrich, St. Louis, MO) for later use, or seeded onto microcarrier beads 

for micropipette experiments.  All experiments were carried out with HUVECS at 

passage 4 or 5.  

4.2.1.3 Culture of HUVECs on microcarrier beads 

For micropipette experiments, HUVECs were cultured on the surface of 

microcarrier beads.  Cytodex 3 microcarrier beads (Amersham Biosciences, Piscataway, 

NJ) were hydrated in 50 mL Ca2+ and Mg2+ free DPBS with two drops of Tween 80 

(Sigma Aldrich, St. Louis, MO) for 4 hours at room temperature.  The beads were 

allowed to settle, and the DPBS was removed.  The beads were sterilized in 70% ethanol 

in distilled water.  The beads were washed twice with the ethanol solution and then 

soaked overnight.  The sterilized beads were washed three times with Ca2+ and Mg2+ free 

DPBS and stored in DPBS at room temperature.  Prior to seeding, the beads were rinsed 

twice in warm endothelial growth media and added to a sterile glass scintillation vial 

that had been siliconized with Sigmacote (Sigma Aldrich, St. Louis, MO).  HUVECs at 

passage 5 were seeded onto the beads at a 20:1 cell:bead ratio.  A hole was drilled into 

the vial cap and covered with a 0.22 µm filter to maintain sterility while allowing proper 

gas exchange for the culture.  The culture was maintained in a cell incubator at 37 ˚C 

with a 5% CO2 atmosphere.  The medium was changed every other day. 

4.2.2 Preparation of antibody coated beads 

Latex beads (Sigma Aldrich, St. Louis, MO) coated with goat anti-mouse IgG 

antibodies were washed twice with a warm solution of 1% fatty acid free bovine serum 
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albumin (BSA) in DPBS with Ca2+ and Mg2+.  The beads were then labeled with 5 µg/mL 

mouse anti-human antibody in 1% fatty acid free BSA for 1 hour at 37 °C.  For 

monocyte experiments, beads were labeled with anti-VLA-4 (Ancell, Bayport, MN).  For 

endothelial cell experiments, beads were labeled with anti-E-selectin (BD Biosciences, 

San Jose, CA).  The beads were then washed twice with 1% fatty acid free BSA in DPBS 

before adding a small number of beads to the micropipette chamber.  

4.2.3 Micropipette aspiration technique 

4.2.3.1 Micropipette preparation 

For micropipette experiments designed to study the contact between a cell and 

an antibody-coated bead, it was necessary to fabricate two pipettes for each 

experiment.  One pipette was used to hold a single antibody-coated bead, and the other 

pipette was used to hold onto either a single monocyte or a single microcarrier bead 

covered with HUVECs.  Six-inch long capillary tubes with an outer diameter of 0.75 mm 

and an inner diameter of 0.4 mm (A-M Systems, Sequim, WA) were washed three times 

in acetone by aspirating and discarding the acetone and then boiled in a 50% ethanol 

solution under vacuum for 30 minutes.  Micropipettes were fabricated by placing a 

capillary tube in a vertical pipette puller (David Kopf Instruments, Tujunga, CA) and 

heating the glass at the center until the capillary was pulled in half.  This procedure 

resulted in the formation of two hollow micropipettes with finely tapered tips.  The tip 

of each pipette was cut using a microforge to create a flat tip with an inner diameter that 

was determined by the position of the cut along the length of the pipette.  The bead 

pipette was designed to have an inner diameter of approximately 9-10 µm so that a 

single bead could be aspirated and move freely within the pipette.  The size of the 
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second pipette was designed to have an inner diameter of approximately 7 µm for the 

U937 experiments or 50-75 µm for the HUVEC experiments.  The HUVEC pipettes were 

large enough to hold a large microcarrier bead securely in place.  All pipettes were filled 

with a warm solution of 1% fatty acid free BSA in DPBS to reduce nonspecific adhesion 

to the capillary glass. 

4.2.3.2 Setup of the micropipette aspiration system 

For this set of experiments, the micropipette aspiration system was set up as 

described in Chapter 2 except that a second micromanipulator was used to insert a 

second pipette into the experimental chamber.  A diagram of this setup is shown in 

Figure 4.1.  The chamber was filled with warm U937 growth medium for all experiments.   

Once the pipettes were inserted into the chamber, U937 monocytes or a small 

number of microcarrier beads covered in HUVECs were added to the chamber along 

with a small number of antibody-coated beads.  A single bead was aspirated into the 

bead pipette leaving a small gap between the edge of the bead and the walls of the 

pipette.  The height of the water chamber connected to this pipette was adjusted until 

the bead did not move within the pipette.  The water chamber connected to the cell 

pipette was lowered to introduce a small suction pressure within the pipette.  A single 

monocyte or a single microcarrier bead was aspirated onto the tip of the pipette and 

held securely by the suction pressure.  The distal edge of the cell was positioned within 

the field of view of the microscope.  The tip of the bead pipette was then positioned 

near the edge of the cell before proceeding with the experiment.  Sample images of this 

experimental setup for U937 cells and HUVECs are shown in Figure 4.2. 
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Figure 4.1:  Schematic of micropipette aspiration system setup for tether extraction from 
U937 cell or HUVEC (side view).  One micropipette was used to hold a U937 cell or a 
microcarrier bead covered with HUVECs.  The second pipette was used to aspirate a 
single antibody-coated bead. 
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Figure 4.2:  Sample images of tether extraction experiments.  Antibody-coated beads 
were used to extract tethers from A) U937 monocytes or B) HUVECs.   
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4.2.3.3 Use of micropipette system to bring bead into contact with cell 

The bead was brought into contact with the cell by applying a net positive force 

on the bead and then rapidly reversing the pressure upon contact to pull the bead away 

from the cell.  To create the change in pressure, the desired suction pressure was applied 

to the bead by lowering the water reservoir connected to the pipette containing the bead.  

An air pump was connected to the reservoir and used to apply pressure to the reservoir 

that introduced a net positive force on the bead.  Once the bead made contact with the 

cell, the pressure from the pump was switched off to return to the suction force 

originally applied to the bead.  This process was repeated numerous times for each 

bead-cell pair before changing the suction pressure.  Two to four different suction 

pressures were used for each cell-bead pair in order to provide a range of pulling forces 

during tether extraction. 

4.2.4 Data analysis 

4.2.4.1 Tracking the motion of the bead 

Video images of the tether extraction experiments were recorded and digitized 

for each individual contact event as described in Chapter 2.  To track the motion of the 

monocyte within the pipette, a substack of video frames was created using every fourth 

frame from the original 30 frame per second video.  Using ImageJ software [157] (NIH, 

Bethesda, MD), the proximal edge of the bead was tracked along the horizontal axis as 

it approached the cell, contacted the cell, and was pulled away.  The raw position data 

was entered into a spreadsheet and was scaled according to an image of a stage 

micrometer recorded prior to the experiment.  The position of the bead was plotted 
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against time using the point of contact with the cell as the reference position.  A sample 

plot is shown in Figure 4.3. 

4.2.4.2 Calculation of the pulling force 

For each bead used in the experiment, the free velocity of the bead within the 

pipette was determined at four defined suction pressures of 0, 1.5, 3, and 4.5 pN/µm2.  

These values were used to create a standard curve that related the velocity of the bead 

to the suction pressure within the pipette.  Using the velocity of the bead, the standard 

curve, and the geometry of the system, the pulling force on the bead was determined 

using Equation 4.5 [128]: 
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where Rp is the pipette radius, Rb is the bead radius, !p is the suction pressure, Ut is the 

bead velocity during tether extraction, and Uf is the free velocity of the bead.  The 

equation contains a first order correction to account for the effect of the gap between the 

bead and pipette wall [64]. 

4.2.4.3 Determination of threshold force and effective viscosity 

For each cell-bead pair, tethers were extracted at 1-4 different suction pressures 

with approximately 10-15 contacts at each pressure.  The experiment was stopped if 

the cell membrane appeared to be damaged, or if the cell appeared to be activated.  

Once the pulling force and tether growth velocity were determined for each tether 

observed in the experiment, the tethers were grouped by the suction pressure used to 

extract the tether.  In some cases, a tether’s growth velocity was close to half of the other 

tethers within its group.  This appeared to be due to the formation of two simultaneous
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Figure 4.3:  Sample plot of tracking data from U937 tether extraction experiment. 
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tethers that did not rupture, and the tether was removed from the data set.  The average 

pulling force and growth velocity were averaged for each group of tethers.  Each of these 

averaged points was added to a plot of the pulling force versus the tether growth 

velocity for a given treatment condition.  A linear regression was performed on the data 

to determine the slope and the intercept of the regression.  Based on Equation 4.1, the 

intercept represents the threshold force (F0) for tether extraction, and the slope 

represents the effective viscosity of the tether (µeff) multiplied by 2!. 

4.2.5 Statistical analysis 

A linear regression was performed on each data set as described in section 

4.2.4.3.  Errors from the regression analysis are presented as standard deviations.  The 

significance of the slopes and intercepts are presented for each regression.  Comparisons 

of the slopes and intercepts of two intersecting regression lines or the elevations of 

parallel regression lines were performed using a method described by Zar [196] that was 

analogous to a Student’s t-test.  This method and critical data from the regression 

analyses of the experimental treatments are provided in Appendix B. 

4.3 Results 

4.3.1 Tether extraction from untreated U937 monocytes 

Using beads coated with anti-CD49D (anti-VLA-4 alpha chain) antibodies, 

membrane tethers were extracted from 23 untreated U937 monocytes over a range of 

suction pressures for a total of 34 data points.  The pulling force applied to the bond 

was plotted as a function of the tether growth velocity as shown in Figure 4.4.   
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Figure 4.4:  Tether extraction from untreated U937 monocytes.  Each data point 
represents an average of several tethers extracted at a given suction pressure for a single 
cell-bead pair.  Data presented as mean ± SEM.  The black line represents a regression 
analysis of the data:  F = 74.0 + 2! " 1.1Ut.  The threshold force is 74.0 ± 14.0 pN (p < 
0.001), and the effective viscosity is 1.1 ± 0.3 pN#s/µm (p < 0.001). 
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Regression analysis revealed the force-velocity relationship shown in Equation 4.6: 

    F = 74.0 + 2! " 1.1Ut     (4.6) 

These results show a threshold force for tether extraction of 74.0 ± 14.0 pN (p < 0.001) 

with an effective viscosity of 1.1 ± 0.3 pN#s/µm (p < 0.001).   

4.3.2 Effects of linoleic acid on tether extraction from U937 
monocytes 

 

Tethers were also extracted from U937 monocytes following incubation with 50 

µM linoleic acid for 4 hours.  A total of 15 cells were tested over a range of suction 

pressures for a total of 26 data points.  The pulling force applied to the bond was 

plotted as a function of the tether growth velocity as shown in Figure 4.5.  Regression 

analysis revealed the force-velocity relationship shown in Equation 4.7: 

    F = 25.0 + 2! " 2.0Ut     (4.7) 

These results show a threshold force for tether extraction of 25.0 ± 8.5 pN (p < 0.01) 

with an effective viscosity of 2.0 ± 0.2 pN#s/µm (p < 0.001). 

 Statistical analysis showed that the treatment of U937 monocytes with 50 µM 

linoleic acid significantly reduced the threshold force (p < 0.001) and significantly 

increased the effective viscosity of the tether (p < 0.01) compared to the untreated 

controls. 

4.3.3 Tether extraction from activated HUVECs 

   HUVECs at passage 5 were activated with 560 U/mL TNF-$ for 4 hours.  

Using beads coated with anti-CD62E (anti-E-selectin) antibodies, membrane tethers 

were extracted from 9 HUVECs over a range of suction pressures for a total of 24 data
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Figure 4.5:  Tether extraction from U937 monocytes treated with 50 µM linoleate 
dissolved in EtOH. Each data point represents an average of several tethers extracted at 
a given suction pressure for a single cell-bead pair.  Data presented as mean ± SEM.  
The black line represents a regression analysis of the data:  F = 25.0 + 2! " 2.0Ut.  The 
threshold force is 25.0 ± 8.5 pN (p < 0.01), and the effective viscosity is 2.0 ± 0.2 
pN#s/µm (p < 0.001).  The gray line represents the force-velocity relationship of the 
untreated controls shown in Figure 4.4.  Linoleic acid treatment significantly reduced the 
threshold force (p < 0.001) and significantly increased the effective viscosity (p < 0.01). 
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points.  The pulling force applied to the bond was plotted as a function of the tether 

growth velocity as shown in Figure 4.6.  Regression analysis revealed the force-velocity 

relationship shown in Equation 4.8: 

F = 74.6 + 2! " 1.9Ut     (4.8) 

These results show a threshold force for tether extraction of 74.6 ± 29.6 pN (p < 0.05) 

with an effective viscosity of 1.9 ± 0.7 pN#s/µm (p < 0.05). 

4.3.4 Effects of linoleic acid on tether extraction from activated 

HUVECs 

 

  Tethers were also extracted from HUVECS treated with 560 U/mL TNF-$ and 

50 µM linoleic acid for 4 hours.  A total of 8 cells were tested over a range of suction 

pressures for a total of 22 data points.  The pulling force applied to the bond was 

plotted as a function of the tether growth velocity as shown in Figure 4.7.  Regression 

analysis revealed the force-velocity relationship shown in Equation 4.9: 

F = 60.2 + 2! " 0.9Ut     (4.9) 

These results show a threshold force for tether extraction of 60.2 ± 15.1 pN (p < 0.001) 

with an effective viscosity of 0.9 ± 0.2 pN#s/µm (p < 0.01). 

Statistical analysis showed that the treatment of HUVECs with 50 µM linoleic 

acid did not have a significant effect on the threshold force or the effective viscosity 

compared to the activated controls. 
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Figure 4.6:  Tether extraction from HUVECs activated with 560 U/mL TNF-!.  Each 
data point represents an average of several tethers extracted at a given suction pressure 
for a single cell-bead pair.  Data presented as mean ± SEM.  The black line represents a 
regression analysis of the data:  F = 74.6 + 2" # 1.9Ut.  The threshold force is 74.6 ± 29.6 
pN (p < 0.05), and the effective viscosity is 1.9 ± 0.7 pN$s/µm (p < 0.05).  

F = 74.6 + 2" # 1.9Ut 

R
2
 = 0.24 
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Figure 4.7:  Tether extraction from HUVECs activated with 560 U/mL TNF-! and 
treated with 50 µM linoleate in EtOH.  Each data point represents an average of several 
tethers extracted at a given suction pressure for a single cell-bead pair.  Data presented 
as mean ± SEM.  The black line represents a regression analysis of the data:  F = 60.2 + 
2" # 0.9Ut.  The threshold force is 60.2 ± 15.1 pN (p < 0.001), and the effective viscosity 
is 0.9 ± 0.2 pN$s/µm (p < 0.01).  The gray line represents the force-velocity relationship 
of the TNF-! activated controls shown in Figure 4.6.  Linoleic acid did not affect the 
threshold force or the effective viscosity of the HUVEC tethers. 

 

F = 60.2 + 2" # 0.9Ut 

R
2
 = 0.42 
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4.3.5 Effects of jasplakinolide on tether extraction from U937 
monocytes 

 

 Jasplakinolide is a compound that induces actin polymerization and stabilizes 

existing actin filaments [197].  U937 cells were incubated in growth media supplemented 

with 5 µM jasplakinolide for 30 minutes at room temperature.  The treatment resulted in 

the formation of membrane blebs over the surface of the cells, an observation that has 

previously been reported following treatment of neutrophils [165, 198].  During the 

tether extraction experiment, the U937 cell was positioned so that the tether was 

extracted from a non-blebbing region of the cell membrane.  Using beads coated with 

anti-VLA-4, membrane tethers were extracted from 10 cells over a range of suction 

pressures for a total of 28 data points.  The pulling force applied to the bond was 

plotted as a function of the tether growth velocity as shown in Figure 4.8.  Regression 

analysis revealed the force-velocity relationship shown in Equation 4.10:  

F = 136.4 - 2! " 0.2Ut     (4.10) 

These results show a threshold force for tether extraction of 136.4 ± 14.5 pN (p < 0.001) 

with an effective viscosity of -0.2 ± 0.3 pN#s/µm (p > 0.5).  The regression analysis 

revealed that the slope of the fitted line was no different than zero. 

 Statistical analysis showed that U937 cells treated with 5 µM jasplakinolide had 

a significantly higher threshold force (p < 0.01) and a significantly lower effective 

viscosity (p < 0.01) than the untreated U937 controls. 



 

142 

 

 

 
 

 
 
 
 
 
 
 
Figure 4.8:  Tether extraction from U937 monocytes treated with 5 µM jasplakinolide.  
Each data point represents an average of several tethers extracted at a given suction 
pressure for a single cell-bead pair.  Data presented as mean ± SEM.  The black line 
represents a regression analysis of the data:  F = 136.4 - 2! " 0.2Ut.  The threshold force 
is 136.4 ± 14.5 pN (p < 0.001), and the effective viscosity was not significantly different 
than zero (p > 0.5). 

 

 

F = 136.4 - 2! " 0.2Ut 

R
2
 = 0.01 
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4.3.6 Effects of jasplakinolide on tether extraction from U937 
monocytes treated with linoleic acid 

 

  U937 cells were treated with 50 µM linoleic acid for a total of 4 hours with the 

addition of 10 µM jasplakinolide during the final 30 minutes of incubation.  Tethers were 

extracted from 8 cells over a range of suction pressures for a total of 21 data points.  

The pulling force applied to the bond was plotted as a function of tether growth velocity 

as shown in Figure 4.9.  Regression analysis revealed the force-velocity relationship 

shown in Equation 4.11: 

F = 74.0 + 2! " 0.8Ut     (4.11) 

These results show a threshold force for tether extraction of 74.0 ± 23.3 pN (p < 0.01) 

with an effective viscosity of 0.8 ± 0.3 pN#s/µm (p < 0.05). 

Statistical analysis showed that U937 cells treated with 50 µM linoleic acid 

followed by 5 µM jasplakinolide did not have significantly different threshold forces or 

effective viscosities compared to untreated controls.  Pretreatment with 50 µM linoleic 

acid prevented the increase in threshold force observed following treatment with 

jasplakinolide alone.  This observation indicated that linoleic acid disrupted the 

adhesion between the plasma membrane and the cytoskeleton. 

4.3.7 Effects of U73122 phospholipase C inhibitor on tether extraction 
from U937 monocytes treated with linoleic acid 

 

  The hydrolysis of PIP2 disrupts the linkage of the plasma membrane to the 

cytoskeleton [124].  U73122 prevents the hydrolysis of PIP2 by inhibiting the 

phospholipase C enzyme [199].  To examine the potential effects of linoleic acid on 

phospholipase C activity, U937 cells were treated with 1 µM U73122 (Cayman 
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Figure 4.9:  Tether extraction from U937 monocytes treated with 50 µM linoleate 
followed by the addition of 5 µM jasplakinolide.  Each data point represents an average 
of several tethers extracted at a given suction pressure for a single cell-bead pair.  Data 
presented as mean ± SEM.  The black line represents a regression analysis of the data:  F 
= 74.0 + 2! " 0.8Ut.  The threshold force is 74.0 ± 23.3 pN (p < 0.01), and the effective 
viscosity is 0.8 ± 0.3 pN#s/µm (p < 0.05).  The gray line represents the force-velocity 
relationship of the untreated controls shown in Figure 4.4.  There was no significant 
change in either the threshold force or the effective viscosity of cells treated with 50 µM 
LA-EtOH and 5 µM jasplakinolide compared to untreated controls. 

F = 74.0 + 2! " 0.8Ut 

R
2
 = 0.25 
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Chemical, Ann Arbor, MI) for 30 minutes followed by the addition of 50 µM LA-EtOH 

for 4 hours.  Tethers were extracted from 8 cells over a range of suction pressures for a 

total of 23 data points.  The pulling force applied to the bond was plotted as a function 

of tether growth velocity as shown in Figure 4.10.  Regression analysis revealed the force-

velocity relationship shown in Equation 4.12: 

F = 88.9 + 2! " 1.0Ut     (4.12) 

These results show a threshold force for tether extraction of 88.9 ± 23.3 pN (p < 0.001) 

with an effective viscosity of 1.0 ± 0.3 pN#s/µm (p < 0.01). 

Statistical analysis showed that U937 cells treated with 1 µM U73122 followed 

by 50 µM LA-EtOH did not have significantly different threshold forces or effective 

viscosities compared to untreated controls.  However, cells treated with 1 µM U73122 

followed by 50 µM LA-EtOH had a significantly larger threshold force (p < 0.01) and a 

significantly lower slope (p < 0.01) than cells treated with 50 µM LA-EtOH alone.  

Inhibition of phospholipase C with U73122 prevented the decrease in threshold force 

observed following treatment with LA-EtOH alone.  This observation indicated that 

linoleic acid reduced the threshold force for tether extraction from U937 cells through a 

phospholipase C dependent mechanism. 

4.3.8 Summary of results 

  A summary of HUVEC and U937 cell treatment conditions and their effects on 

threshold forces and effective viscosities relative to untreated controls is provided in 

Table 4.1.  A summary of the statistical results is provided in Table 4.2. 
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Figure 4.10:  Tether extraction from U937 monocytes treated with 1 µM U73122 
followed by the addition of 50 µM LA-EtOH.  Each data point represents an average of 
several tethers extracted at a given suction pressure for a single cell-bead pair.  Data 
presented as mean ± SEM.  The black line represents a regression analysis of the data:  F 
= 88.9 + 2! " 1.0Ut.  The threshold force is 88.9 ± 23.3 pN (p < 0.001), and the effective 
viscosity is 1.0 ± 0.3 pN#s/µm (p < 0.01).  The dotted gray line represents the force-
velocity relationship of the untreated controls shown in Figure 4.4.  The dashed gray line 
represents the force-velocity relationship U937 cells treated with 50 µM LA-EtOH alone 
as shown in Figure 4.5.  There is no statistical difference between the untreated cells and 
the cells treated with both U73122 and LA-EtOH.  Cells treated with U73122 and LA-
EtOH had a significantly larger threshold force (p < 0.01) and a significantly lower 
effective viscosity (p < 0.01) than cells treated with LA-EtOH alone. 

F = 88.9 + 2! " 1.0Ut 

R
2
 = 0.37 
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Table 4.1:  Summary of the various treatment effects on TNF-! activated HUVECs and 
U937 threshold forces and effective viscosities.  Changes are statistically significant 
relative to untreated controls. 

 
 

Cell type treatment change in F0 change in µeff 

HUVEC 50 µM LA-EtOH none none 

U937 50 µM LA-EtOH decrease increase 

U937 5 µM jasplakinolide increase decrease 

U937 
50 µM LA-EtOH 

+ 5 µM jasplakinolide 
none none 

U937 
1 µM U73122 

 + 50 µM LA-EtOH 
none none 
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Table 4.2:  Summary of statistical results from U937 and HUVEC tethers. 

 
 

Treatment 
F0 (pN) 
mean ± 
SEM 

µeff 
(pN!s/µm) 

(mean ± 
SEM) 

Comparison 
for stat. test 

Effect of 
treatment on 

F0 

Effect of 
treatment on µeff 

Untreated 
U937 

74.0 ± 14.0 
(p < 0.001) 

1.1 ± 0.3 
(p < 0.001) 

- - - 

U937 + 
50 µM LA-

EtOH 

25.0 ± 8.5 
(p < 0.01) 

2.0 ± 0.2 
(p < 0.001) 

Untreated 
U937 

decreased 
(p < 0.001) 

increased 
(p < 0.01) 

U937 + 5 µM 
jasp. 

136.4 ± 0.2 
(p < 0.001) 

-0.2 ± 0.3 
(p > 0.5) 

Untreated 
U937 

increased 
(p < 0.01) 

decreased 
(p < 0.01) 

U937 + 50 
µM LA-EtOH 
+ 5 µM jasp. 

74.0 ± 23.3 
(p < 0.01) 

0.8 ± 0.3 
(p < 0.05) 

Untreated 
U937 

none 
(p > 0.5) 

none 
(p > 0.5) 

U937 + 1 µM 
U73122 + 50 
µM LA-EtOH 

88.9 ± 23.3 
(p < 0.001) 

1.0 ± 0.3 
(p < 0.01) 

Untreated 
U937 

none 
(p > 0.5) 

none 
(p > 0.5) 

U937 + 1 µM 
U73122 + 50 
µM LA-EtOH 

88.9 ± 23.3 
(p < 0.001) 

1.0 ± 0.3 
(p < 0.01) 

U937 + 
50 µM LA-

EtOH 

increased 
(p < 0.01) 

decreased 
(p < 0.01) 

      

HUVEC + 
TNF-" 

74.6 ± 29.6 
(p <  0.05) 

1.9 ± 0.7 
(p < 0.05) 

- - - 

HUVEC + 
TNF-" + 50 

µM LA-EtOH 

60.2 ± 15.1 
(p < 0.001) 

0.9 ± 0.2 
(p < 0.01) 

HUVEC + 
TNF-" 

none 
(p > 0.5) 

none 
(p > 0.1) 
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4.4 Discussion 

In this study, treatment of U937 monocytes with 50 µM linoleic acid decreased 

the threshold force that must be overcome to extract a tether from the plasma membrane 

and increased the effective viscosity of the tether.  Linoleic acid treatment had no effect 

on the threshold force or the effective viscosity of tethers extracted from HUVECs.  

Linoleic acid was found to decrease the adhesion of the U937 plasma membrane to the 

actin cytoskeleton through a phospholipase C dependent mechanism. 

The force-velocity plots used to determine the threshold force and the effective 

viscosity incorporated data from multiple cells.  As shown in Figure 4.11, data obtained 

several individual cells from reveal a linear relationship between the pulling force 

applied to the cell and the tether growth velocity for each cell, but the force-velocity 

relationship varies from cell to cell.  The threshold forces and effective viscosities 

determined for each treatment condition represent an average value for the small 

population of cells tested during this study.  The cell to cell variability helps account for 

the the large degree of statistical variability observed in the analysis. 

HUVECs activated with 560 U/mL TNF-! were found to have a threshold force 

of 74.6 ± 29.6 pN and an effective tether viscosity of 1.9 ± 0.7 pN"s/µm.  These values 

were larger than the values (F0 = 50 ± 2 pN, µeff = 0.50 ± 0.03 pN"s/µm) reported by 

Girdhar and Shao for HUVECs stimulated with 10 ng/mL (1000 U/mL) TNF-! for 4 

hours [63].  The discrepancy may be due to the source of the HUVECs.  HUVECs are 

obtained from individual donors, and cell properties such as the HUVEC cortical 

tension or bending stiffness could vary from donor to donor leading to differences in the 

threshold force.  The higher threshold force that I observed could also be due to an 
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Figure 4.11:  The force-velocity relationship may vary from cell to cell.  Data points 
obtained from tests on individual untreated U937 cells are shown (mean ± SEM).  Solid 
lines represent the regression lines for each individual cell. 
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increase in bond formation between the bead and the HUVEC.  Although Girdhar and 

Shao did not report data for contact areas or impact forces in their experiments, larger 

forces, contact areas, or contact times in my experiments would lead to an increase in 

bond formation [183].  At adhesion frequencies less than 30%, adhesion is dominated 

by single bond events [182].  I observed a total tether frequency of 29.9 ± 5.5% for the 0 

µM LA-EtOH treatment and 31.3 ± 7.9% for the 50 µM LA-EtOH treatment (mean ± 

SEM) indicating a likelihood of forming multiple bonds.  Double tethers were observed 

during 3.1 ± 1.6% of the contacts for the 0 µM LA-EtOH treatment and 4.5 ± 2.4% of 

the contacts for the 50 µM LA-EtOH treatment (mean ± SEM).  If a tether did not 

rupture during double tether extraction, it is possible that a double tether went 

undetected and was counted as a single tether.  Such an error would lead to an 

overestimate of the threshold force. 

Treatment of HUVECs with 50 µM linoleic acid resulted in a small decrease in 

threshold force and effective viscosity, but neither reduction was statistically significant.  

Based on these results, linoleic acid did not affect tether extraction from HUVECs. 

Untreated U937 monocytes had a threshold force of 74.0 ± 14.0 pN and an 

effective tether viscosity of 1.1 ± 0.3 pN!s/µm.  No data for properties of monocyte 

tethers have been reported in the literature.   The values of F0 and µeff are cell specific 

and vary considerably among cell types.  For comparison, F0 = 46 pN and µeff = 1.8 

pN!s/µm for neutrophils [128], F0 = 46 pN and µeff = 1.55 pN!s/µm for T-lymphocytes 

[130], and F0 = 6.6 ± 0.3 pN and µeff = 0.21 pN!s/µm for neuronal growth cones [116].  

Treatment of U937 cells with 50 µM linoleic significantly reduced (p < 0.001) the 

threshold force to 25.0 ± 8.5 pN and significantly increased (p < 0.01) the effective 

tether viscosity to 2.0 ± 0.2 pN!s/µm. 
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The threshold force that must be overcome to extract a tether from the plasma 

membrane is dependent on the adhesion energy between the membrane and the 

cytoskeleton, the membrane bending stiffness, and the membrane surface tension [118].  

According to theory [118], the threshold force may be determined by Equation 4.13: 

  

! 

F
0

= 2" 2B T + #( )      (4.13) 

where ! is the adhesion energy between the cell membrane and the cytoskeleton, B is the 

bending stiffness of the membrane, and T is the membrane tension.  This expression has 

been used to determine a total adhesion energy, !t, as shown in Equation 4.14 [200]: 

  

! 

"
t

=
F

0

2

8#2
B

     (4.14) 

Using B = 0.3 pN!µm (a value typical for phospholipids bilayers, red blood cells, and 

neuronal growth cones [64]), and F0 = 74.0 pN from this study, the total adhesion 

energy of untreated U937 monocytes is 231.2 ± 8.3 pN/µm.  This value is higher than 

values reported for human neutrophils (!t = 150 ± 20 pN/µm using B = 0.2 pN!µm [127] 

and (!t = 85 pN/µm using B = 0.3 pN!µm [64]).  This discrepancy is due to the larger 

cortical tension of U937 cells (T = 57.33 pN/µm from Chapter 2) compared to 

neutrophils (T = 30 pN/µm [143]) as well as the variation in the intrinsic properties of 

different cell types. Using B = 0.3 pN!µm, and F0 = 25.01 pN from this study, the total 

adhesion energy of U937 monocytes treated with 50 µM LA-EtOH is 26.4 ± 3.1 pN/µm.  

This value is smaller than the cortical tension of U937 cells treated with 50 µM LA-

EtOH measured in Chapter 2 (T = 35.23 pN/µm).  This result could indicate that the 

adhesion energy is not significantly different than zero and the total adhesion energy is 

due solely to the residual cortical tension.  Linoleic acid could also affect the bending 

modulus of the membrane.  I used a bending modulus reported to be representative of 
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lipid bilayers, but the incorporation of linoleic acid into the U937 membrane during 

incubation may alter the membrane’s mechanical properties.  The reduction in total 

adhesion energy following linoleic acid is similar to the effects of latrunculin A on 

neutrophils.  Disruption of the neutrophil actin cytoskeleton with 0.3 µM latrunculin A 

reduced the total adhesion energy from 150 ± 20 pN/µm to 30 ± 8.5 pN/µm [127]. 

These results suggest that treatment of U937 monocytes with linoleic acid reduced the 

threshold force of tether extraction through a reduction in the adhesion energy. 

 The adhesion energy represents the attachment of the plasma membrane to the 

underlying actin cytoskeleton.  The membrane can attach to the cytoskeleton through the 

interaction of the cytoplasmic tails of !1 integrins [201] or L-selectin [202] with actin-

binding proteins, direct electrostatic interactions between membrane lipids and actin 

filaments [203], or the interaction of negatively charged membrane lipids with positively 

charged plekstrin homology domains on actin-binding proteins [204].  The threshold 

force for tether extraction does not depend on the presence of a cytoplasmic tail on the 

membrane receptor forming the adhesive bond indicating that the resistance to tether 

extraction arises from a general interaction between the membrane and cytoskeleton 

rather than a specific anchor attachment to the cytoskeleton [123].  The independence of 

the threshold force and effective viscosity from the receptor used to extract the tether 

shows that the mechanical properties of the tether are cell-specific but not receptor 

specific [63, 123]. 

The reduction in adhesion energy following the treatment of U937 cells indicated 

a detachment between the plasma membrane and the actin cytoskeleton.  To test for 

membrane detachment, membrane tethers were extracted from U937 cells treated with 5 

µM jasplakinolide with or without pretreatment with 50 µM LA-EtOH.  Jasplakinolide 
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is a drug that binds to F-actin to promote actin polymerization and stabilize existing 

actin filaments [197].  Jasplakinolide treatment increases cell rigidity [165] and the 

adhesion energy of the membrane [124].  It can also cause membrane bleb formation 

[165, 198] indicating a detachment of the membrane from the cytoskeleton in some 

regions of the membrane.  I observed blebbing under my treatment conditions, but tethers 

were only extracted from non-bleb regions of the U937 membrane.  Treatment with 

jasplakinolide alone significantly increased (p < 0.01) the threshold force and effectively 

reduced the effective viscosity to zero.  These results suggested that jasplakinolide 

strengthened the association of the membrane to the cytoskeleton, but once a tether was 

formed, there was little resistance to tether growth possible due to a reduction in bonds 

linking the membrane to the cytoskeleton.  The reduction in viscosity was similar to 

reports of cytoskeletal disruption of neutrophils with latrunculin A [123] or cytochalasin 

D [128].  When U937 cells were pretreated with 50 µM LA-EtOH prior to the addition 

of jasplakinolide, the threshold force was significantly lower (p < 0.05) than cells 

treated with jasplakinolide alone and statistically insignificant from the untreated 

controls.  Linoleic acid prevented the increase in threshold force that previously resulted 

from jasplakinolide treatment.  These results suggested that linoleic acid disrupted 

some, but not all, of the connections between the membrane and the cytoskeleton. 

PIP2 regulates the adhesion of the plasma membrane to the cytoskeleton.  

Although PIP2 interactions with actin binding proteins are weak, the large amount of 

PIP2 present in the membrane allows PIP2 to regulate local binding interations within the 

membrane [124].  A reduction in the concentration of PIP2 through PIP2 sequestration or 

hydrolysis by phospholipase C reduces the adhesion energy [124].  Since linoleic acid 

increases phospholipase C activity in locust cells [161], linoleic acid could reduce the 
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adhesion energy through a phospholipase C mediated mechanism.  Treatment of U937 

cells with the phospholipase C inhibitor U73122 in addition to 50 µM LA-EtOH 

prevented the reduction in threshold force that occurred following treatment with linoleic 

acid alone.  There was no statistical difference between untreated U937 cells and cells 

treated with U73122 and linoleic acid.  The action of U73122 presented in this study is 

consistent with data showing that U73122 can reverse a reduction in adhesion energy in 

fibroblasts caused by activation of phospholipase C [124].  The data suggest that 

linoleic acid decreases the adhesion energy through a phospholipase C mediated 

mechanism. 

Our lab has reported an increase in tethering events between Mono Mac 6 

monocytes and HUVECs as well as a decrease in Mono Mac 6 rolling velocity following 

treatment of the monocytes with linoleic acid [24].  The reductions in adhesion energy 

and threshold force following linoleic acid treatment observed in this study provide one 

potential mechanism for the stabilization of rolling presented in our previous results.  

The effects of adhesion energy on leukocyte rolling have been investigated through the 

disruption of the cytoskeleton.  Chemically induced changes in adhesion energy may 

stabilize leukocyte rolling [165, 205].  As previously described, treatment of neutrophils 

with jasplakinolide can lead to bleb formation through localized reductions in the 

adhesion energy of the membrane [165, 198].  Bleb formation leads to a reduction in the 

threshold force for tether extraction from the blebbing regions of the membrane [206].  

Similar results have been reported for neutrophils treated with cytochalasin D.  

Cytochalasin D disrupts the actin cytoskeleton leading to significant reductions in the 

cortical tension and the effective viscosity of tethers while slightly reducing the threshold 

force for tether extraction [128].  Both cytochalasin D and jasplakinolide increase tether 
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lifetimes and the tether growth velocity during tether extraction [198].  As a result, 

treatment with jasplakinolide or cytochalasin D stabilizes leukocyte rolling and 

decreases the rolling velocity [165, 205]. 

 Linoleic acid has been associated with the development of atherosclerotic 

plaques, but the role of linoleic acid in atherogenesis remains unclear.  This study 

identified one mechanism through which linoleic acid could facilitate monocyte tethering 

on the endothelium.  Treatment of U937 monocytes with linoleic acid reduced the 

threshold force for tether extraction from the U937 plasma membrane.  The reduction 

was caused by a reduction in the adhesion energy between the plasma membrane and 

the actin cytoskeleton.  A reduction in the threshold force makes it easier to extract a 

tether from the U937 membrane once a bond is formed between the monocyte and the 

endothelial cell.  This mechanism would stabilize monocyte rolling on the endothelium 

and promote monocyte adhesion during the early stages of atherogenesis. 
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Chapter 5.  Conclusions 

The 18-carbon polyunsaturated fatty acid linoleic acid has been implicated in the 

development of atherosclerotic plaques.  Our lab has previously reported an increase in 

tethering events between monocytes and endothelial cells under flow conditions 

following the treatment of monocytes with albumin-bound linoleic acid [24].  The 

albumin-bound linoleic acid also decreased the cortical tension of monocytes suggesting 

that linoleic acid may increase adhesion through an increase in monocyte deformation.  

In this study, I hypothesized that linoleic acid enhanced monocyte adhesion by 

increasing the contact area between a monocyte and an endothelial cell or by facilitating 

the formation of membrane tethers. 

Since our previous study used albumin-bound linoleic acid, I tested the 

hypothesis that both linoleic acid and serum albumin have independent effects on the 

cortical tension of monocytes.  The results of this study were presented in Chapter 2.  A 

micropipette aspiration technique was used to assess changes in the cortical tension of 

U937 monocytes following treatment with fatty acid free BSA, linoleic acid dissolved in 

ethanol, or albumin-bound linoleic acid.  Treatment with either fatty acid free BSA or 

free linoleic acid reduced the cortical tension of the monocytes.  Using linoleic acid 

bound to BSA at molar ratios ranging from 0:1 to 8:1, it was determined that changes in 

the cortical tension depended on fatty acid exchange between the plasma membrane and 

albumin.  At LA:BSA ratios below 6:1, all of the linoleic acid was bound to albumin, 

and fatty acid exchange was likely dominated by the removal of fatty acids from the 

membrane by free binding sites on albumin with some transfer of linoleic acid from 

albumin to the membrane.  At LA:BSA ratios above 6:1, the fatty acid binding sites of 
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albumin were saturated with linoleic acid and an excess of linoleic acid was present.  

Fatty acid exchange in this case was likely dominated by membrane uptake of linoleic 

acid with some exchange of fatty acids from the membrane to albumin.  Treatment of the 

monocytes with the phospholipase C inhibitor U73122 prevented the reduction in 

cortical tension that resulted from linoleic acid treatment.  This data suggested that 

linoleic acid disrupted the structure of the actin cytoskeleton through a phospholipase C 

dependent mechanism. 

 Since linoleic acid increases the deformability of monocytes through a reduction 

in the cortical tension, I hypothesized that linoleic acid increased the frequency of 

membrane tether formation between a monocyte and an endothelial cell by increasing the 

contact area between the cells and by altering the distribution of adhesion receptors 

within the contact region.  The results of this study were presented in Chapter 3.  Using 

a micropipette aspiration technique that enabled me to identify tether extraction 

between a single U937 monocyte and a single HUVEC, I discovered that treatment with 

albumin-bound linoleic acid significantly increased tether formation between monocytes 

and TNF-! activated HUVECs.  Treatment with either free linoleic acid or fatty acid 

free BSA also increased the total frequency of tether extraction.  The overall increase in 

tether frequency as well as an increase in the formation of double tethers indicated an 

increase in bond formation between the cells. 

Several factors that affect bond formation were examined.  Treatment with 

albumin-bound linoleic acid did not increase the contact area between the cells or the 

expression of adhesion receptors on either cell type.  Since tether extraction occurred 

primarily through E-selectin, I used fluorescent microscopy to examine the distribution of 

E-selectin on the surface of TNF-! activated HUVECs.  I did not observe visual 
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evidence of E-selectin clustering following treatment with free linoleic acid, but I did 

detect an increase in colocalization of E-selectin with !-adaptin, a clathrin-associated 

protein, using image analysis techniques.  Linoleic acid treatment may result in the 

formation of E-selectin nanoclusters within clathrin-coated pits or increase the affinity 

of E-selectin for its monocyte ligands. 

The increase in tether frequency following linoleic acid treatment was blocked 

when the cells were treated with the phospholipase C inhibitor U73122.  The hydrolysis 

of PIP2 by phospholipase C reduces the adhesion energy between the plasma membrane 

and the actin cytoskeleton [124, 160].  Based on these observations, I hypothesized that 

linoleic acid facilitated tether extraction between monocytes and endothelial cells by 

lowering the threshold force that must be overcome to extract a membrane tether.  The 

results of this study were presented in Chapter 4.  Treatment with free linoleic acid did 

not affect the threshold force or the effective viscosity of tethers extracted from 

HUVECs.  Treatment of U937 monocytes with free linoleic acid reduced the threshold 

force and increased the effective viscosity of the tether.  The reduction in the threshold 

force was due to a reduction in the adhesion energy between the U937 plasma 

membrane and the actin cytoskeleton.  The reduction in threshold force following 

treatment with linoleic acid was blocked by treatment of the cells with U73122.  The 

data indicated that linoleic acid likely reduced the threshold force by increasing PIP2 

hydrolysis by phospholipase C. 

The results of this study showed that linoleic acid increased tether formation 

between monocytes and endothelial cells.  An increase in tether formation explained the 

effects of linoleic acid on monocyte adhesion and rolling on the endothelium under flow 

conditions.  Linoleic acid increased bond formation between monocytes and endothelial 
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cells and decreased the resistance to tether extraction from the monocyte following bond 

formation.  The effects of linoleic acid on phospholipase C activity appeared to play a 

key role in the promotion of tether extraction.  Phospholipase C affects membrane 

concentrations of PIP2, a regulator of actin polymerization and membrane-cytoskeletal 

interactions.  Additional studies of the effects of linoleic acid on phospholipase C and 

its role in PIP2 hydrolysis are necessary to clarify the role of linoleic acid in monocyte 

adhesion to the endothelium. 
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Appendix A.  Model of linoleate-albumin binding 

The binding linoleate to albumin was examined using a model of fatty acid 

binding to an albumin molecule with seven high affinity fatty acid binding sites.  Two 

models were created in MATLAB and then compared.  First, linoleate binding to 

albumin was examined using a simple equilibrium binding model in which the seven 

binding sites have similar values for the equilibrium constant.  Then linoleate binding to 

albumin was examined using a second, more complex binding model in which each 

binding site has a distinct equilibrium constant.  Equilibrium constants for linoleate 

binding to albumin were obtained from Ashbrook et al. (1975) [54] as shown below: 

K1 = 0.01 µM   K5 = 1.48 µM 

K2 = 0.11 µM   K6 = 2.99 µM 

K3 = 0.2 µM   K7 = 9.35 µM 

K4 = 0.33  µM 

The following MATLAB code was used to create the linoleate-albumin binding models: 

 

function Albumin 
% This program calculates the equivalent amount of ligand bound to 7  
% sites on the receptor, assuming a simple equilibrium binding model.   
% This assumes that all binding sites have similar values for the  
% equilibrium constant.  The results are compared with those for the  
% seven distinct sites.  The ratio of the simpler model is compared  
% with the complete model.  
CR0=5;    % µM 
K1=0.01;  % µM 
CL0=10; 
CLR=0.5*(CL0+7*CR0+K1-sqrt((CL0+7*CR0+K1).^2-4*7*CL0*CR0)) 
CL=CL0-CLR; 
x0=[0.01,0.11,0.2,0.33,1.48,2.99,9.35]; 
[x,fval]=fsolve(@Eqfun7,x0); 
XT=x(1)+x(2)+x(3)+x(4)+x(5)+x(6)+x(7) 
Ratio=CLR/XT 
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function F=Eqfun7(x) 
% This function calculates the equilibrium distribution of a ligand 
% bound to seven sites on a protein. The initial free ligand (CL0)  
% and protein (CR0) concentration are supplied.  The program 
% calculates the resulting concentrations bound to the protein.  The 
% free concentration is CL=CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7). 
CL0=10;    % µM 
CR0=5;     % µM 
K1=0.01;   % µM 
K2=0.11;   % µM 
K3=0.2;    % µM 
K4=0.33;   % µM 
K5=1.48;   % µM 
K6=2.99;   % µM 
K7=9.35;   % µM 
F=[(CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7))*(7*CR0-x(1)-x(2) 
-x(3)-x(4)-x(5)-x(6)-x(7))-K1*x(1);... 
    (CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7))*x(1)-K2*x(2);... 
    (CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7))*x(2)-K3*x(3);... 
    (CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7))*x(3)-K4*x(4);... 
    (CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7))*x(4)-K5*x(5);... 
    (CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7))*x(5)-K6*x(6);... 

    (CL0-x(1)-x(2)-x(3)-x(4)-x(5)-x(6)-x(7))*x(6)-K7*x(7)]; 
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Appendix B.  Statistical comparison of regression lines 

In Chapter 4, the slopes and intercepts of two regression lines were compared 

using a statistical analysis presented by Jerrold Zar [196].  To compare two slopes 

designated by subscripts 1 and 2, the test statistic used is: 
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To compare two intercepts designated by subscripts 1 and 2, points on the two 

regression lines were compared in the case of X = 0.  The test statistic is: 

    

  

! 

t =
Y

1

"

#Y
2

"

s
Y1

"

#Y2

"

 

 

where 

     

! 

Yi

"

= intercepti + slopei #Xi  

and 

  

  

! 

s
Y
"

1#Y
"

2

= sY$X
2( )

p

1

n1

+
1

n2

+
X #X1( )

2

x2%( )
1

+
X #X2( )

2

x2%( )
2

& 

' 

( 
( 
( 

) 

* 

+ 
+ 
+ 

 

The total degrees of freedom (v) for the critical value of the test is: 

      

! 

v = n
1

+ n
2
" 4  

 



 

165 

Key values used in the statistical analysis of regression lines from Chapter are 

summarized in the table below: 

 

Treatment Intercept Slope n Residual 
SS 

Residual 
DF   

! 

X    

! 

x
2"  b 

Untreated 
U937 

74.0 6.7 34 44600.4 32 123.2 477.5 6.75 

U937 + 
50 µM LA-

EtOH 
25.0 12.6 26 8603.6 24 121.5 359.5 12.63 

U937 + 5 
µM jasp. 136.4 -1.0 28 23234.0 26 128.2 308.5 -1.05 

U937 + 50 
µM LA-

EtOH + 5 
µM jasp. 

74.0 4.9 21 26505.8 19 129.2 376.2 4.86 

U937 + 1 
µM 

U73122 + 
50 µM LA-

EtOH 

88.9 6.5 23 41185.8 21 164.4 583.3 6.47 

         

HUVEC + 
TNF-! 

74.6 11.8 24 33557.6 22 150.5 78.0 11.78 

HUVEC + 
TNF-! + 

50 µM LA-
EtOH 

60.2 5.7 22 16734.6 20 112.3 369.6 5.67 
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