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Abstract of the Dissertation 

 

 

Role of Erythrocyte Tropomodulin in the Biomechanics and Topology of 

the Erythrocyte Membrane Skeletal Network 

 

by 

 

 

Terrell Ann Green 

 

 

Doctor of Philosophy in Bioengineering 

 

 

University of California, San Diego, 2010 

 

 

Professor Lanping Amy Sung, Chair 

 

 

The erythrocyte membrane skeleton is a multi-protein complex 

providing mechanical properties and stability to erythrocytes. Defects 

in the skeleton can manifest in dysfunction and disease such as 

hemolytic anemia. Erythrocyte tropomodulin (E-Tmod) is a slow-growing 

end actin-capping protein and has been proposed that together with 

tropomyosin 5 or 5b they form a “molecular ruler” which dictates 

protofilament length of 37 nm in the network.  
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In this study, the role for E-Tmod in the network organization and 

erythrocyte mechanics was investigated. The embryonic lethality of the 

E-Tmod-/- mice was rescued by breeding with E-Tmod overexpressing 

transgenic (TOT) mice. The morphological changes in erythrocytes and 

the topology of the network were evaluated using light, scanning 

electron, and transmission electron microscopy. The mechanical 

properties of E-Tmod-/- erythrocytes were quantified using micropipette 

aspiration and ektacytometry. 

Blood count analyses of E-Tmod-/- erythrocytes showed a lower 

mean corpuscular volume (p < 0.015) and a higher percentage of 

µRBCs (p < 0.01) indicating mild spherocytosis.  TEM analysis revealed a 

more compacted network with smaller openings. The denser network 

could be caused by membrane loss due to the irregular actin filament 

lengths without the regulation of E-Tmod. During circulation, such 

irregularity may have resulted in altered stress-strain distribution across 

spectrin tetramers in the network.  Without the proper support of the 

network some lipid bilayer may be lost, resulting mild spherocytosis and 

increased oxidative stress. Approximately 10 times more dimerization of 

the 29-kDa isoform of E-Tmod was detected in the cytosol as compared 

to E-Tmod+/+ and E-Tmod+/- counterparts.   
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In micropipette aspiration, E-Tmod-/- erythrocytes had a higher 

elastic shear modulus of 7 pN/µm versus 5 pN/µm for E-Tmod+/+ and E-

Tmod+/- erythrocytes. Ektacytometry also showed they were more rigid, 

having a lower integrated elongation index (p < 0.0001). Both findings 

could be linked to spherocytosis or oxidation of the network.  

These findings demonstrate the importance of E-Tmod in the 

organization of the network and the cellular deformability. Without it, 

erythrocytes can suffer from loss of membrane, denser membrane 

skeleton, becoming spherocytic, as well as greater oxidative stress, and 

consequently, significantly less deformable than normal erythrocytes.  
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Chapter 1: Introduction 

 

1.1 General Introduction to Dissertation 

 

Erythrocytes perform the important task of oxygen delivery to the 

tissues. To perform this task, an erythrocyte must squeeze through 

capillaries that often have lumens less than half of its own diameter. 

Remarkably, each erythrocyte performs this task millions of times over a 

life span of approximately three months without compromising its 

structural integrity or physiological function. A multi-protein complex 

called the membrane skeleton, lying just beneath the lipid bilayer of the 

erythrocyte, imparts stability to the erythrocyte protecting it from 

premature lysis.  Defects in the membrane skeleton are manifested in 

cell dysfunction and disease, including, for example, Southeast Asian 

Ovalocytosis (SAO), Hereditary Spherocytosis (HS), Hereditary 

Pyropoikilocytosis (HPP), and Hereditary Elliptocytosis (HE).  

Resultantly, the organization and deformability of the erythrocyte 

membrane skeleton has been widely studied. Based on electron 

micrographs, the organization of the erythrocyte membrane skeleton 

has been shown to be a regular hexagonal structure with repeating 

units of ~6 spectrin heterodimers radiating from a central short actin 
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protofilament (Byers and Branton 1985; Shen, Josephs et al. 1986). 

Interestingly, the actin protofilament in the erythrocyte membrane 

skeleton are all uniformly ~37 nm (Shen, Josephs et al. 1986).  Since the 

membrane skeleton determines the elastic deformation of erythrocytes 

and maintains the integrity of the lipid bilayer, understanding how 

protofilaments and hexagons are assembled in the membrane skeleton 

is fundamentally important.  

It has been proposed that erythrocyte tropomodulin (E-Tmod) 

and tropomyosin (TM) isoform 5 or 5b together form a “molecular ruler” 

which dictates the protofilament length in erythrocytes under 

mechanical stress (Sung 2000; Sung and Vera 2003). Furthermore, it has 

been proposed that the protofilament functions as the mechanical axis 

to anchor the 3 pairs of spectrin heterodimer.  

The aim of this research was to study the proposed “molecular 

ruler” mechanism and investigate the role E-Tmod plays in the 

organization of the erythrocyte membrane skeleton and erythrocyte 

membrane mechanics. Toward this goal (1) the embryonic lethality of 

the E-Tmod-/- mice was rescued by breeding with tropomodulin 

overexpressing transgenic (TOT) mice, (2) the morphological changes in 

murine E-Tmod-/- erythrocytes and structural changes in the hexagonal 
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nature of the membrane skeleton, were evaluated using light, scanning 

electron, and transmission electron microscopy, and (3) the 

mechanical properties of the murine E-Tmod-/- erythrocytes were 

quantified using micropipette aspiration and ektacytometry. 

This chapter begins with an overview of the erythrocyte 

membrane skeleton and the junctional complex covering each of its 

major components: actin, TM, and E-Tmod. Next the molecular 

interactions between actin, TM, and E-Tmod are discussed. Lastly, the 

biomechanical properties of erythrocytes are presented along with 

experimental approaches used to mechanically characterize 

erythrocytes.  

Chapter 2 describes the generation of E-Tmod-/- adult mice. Our 

laboratory created an E-Tmod knockout mouse line to study the 

function of erythrocyte tropomodulin, a slow growing end actin 

capping protein, in cellular structure and function, but knocking out 

exon 1 of E-Tmod was embryonically lethal.  This chapter describes 

methods taken to rescue the embryonic lethality of the E-Tmod-/- mice. 

Results show that crossbreeding tropomodulin overexpressing 

transgenic (TOT) mice with E-Tmod knockout mice was successful in 

rescuing the embryonic lethality. TOT mice overexpress E-Tmod in the 

heart and this targeted overexpression was sufficient to overcome the 
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lethal cardiac defects found in harvested E-Tmod-/- embryos.  The 

significance of this chapter is that it provided the mouse model in which 

adult E-Tmod-/- erythrocytes could be studied contributing additional 

knowledge about how the erythrocyte membrane skeleton is 

organized. 

Chapter 3 examines the morphology of E-Tmod-/- erythrocytes 

and the topology of their membrane skeleton. A combination of light 

and electron microscopy was used for analysis. The results of light 

microscopy and scanning electron microscopy (SEM) did not show 

significant changes in the morphology of E-Tmod-/- erythrocytes. 

However, blood count analysis indicated that in fact there were a 

higher percentage of microcytic erythrocytes (µRBCs) present in E-

Tmod-/- blood (p < 0.01) with a decreased mean corpuscular volume 

(MCV) compared to E-Tmod+/+ erythrocytes. Results of transmission 

electron microscopy (TEM) show a more condensed membrane 

network for E-Tmod-/- erythrocytes. The network may be compacted 

due to a loss of membrane surface area. 

Chapter 4 reveals the mechanical properties of E-Tmod-/- 

erythrocytes. Micropipette aspiration was used to determine 

membrane properties of single E-Tmod-/- erythrocytes using localized 

deformation. Ektacytometry of E-Tmod-/- erythrocytes yielded 
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mechanical data about the deformability of these cells under whole 

cell shear conditions, a more physiologically relevant test condition.  

The results of micropipette aspiration illustrated that E-Tmod-/- 

erythrocytes had a higher elastic membrane shear modulus compared 

to E-Tmod+/+ and E-Tmod+/- erythrocytes. The higher elastic shear 

modulus indicates E-Tmod-/- erythrocytes are more resistant to shear 

stress and have a more rigid membrane than their E-Tmod+/+ and E-

Tmod+/- counterparts. Ektacytometry results are consistent with 

micropipette aspiration findings also showing E-Tmod-/- erythrocytes to 

be more rigid.  For the entire range of tested shear stresses, E-Tmod-/- 

erythrocytes had lower elongation indexes (EI) compared to E-Tmod+/+ 

and E-Tmod+/- erythrocytes. E-Tmod-/- erythrocytes also had a reduced 

maximum EI during osmotic gradient ektacytometry tests.  The higher 

elastic shear modulus and lower elongation indexes found for E-Tmod-/- 

erythrocytes provide a mechanism to support the findings of Chapter 3, 

signaling mild spherocytosis and a stiffer membrane network.  

Finally Chapter 5 summarizes the major conclusions of this work 

and discusses future directions for these projects. 
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1.2 Erythrocyte Membrane Skeleton 

 

1.2.1 Overview 

 

Erythrocytes have a thin protein skeleton underlying their lipid 

bilayer which gives the membrane support and is essential to the 

extended survival of these cells in the high shear stress environment of 

the cardiovascular system. The erythrocyte membrane skeleton 

provides mechanical stability and deformability to the membrane and 

is composed of several major and minor proteins. The major proteins 

include actin,  and  spectrins, ankyrin, and bands 4.1, 4.2, and 4.9; 

and the minor proteins include E-Tmod, myosin, and TM (Figure 1). The 

membrane skeleton is linked to the cell membrane via several 

transmembrane proteins. Transmission electron micrographs have 

shown the membrane skeleton to be a repeated hexagonal lattice 

formed by junctional complexes (JCs) of filamentous actin (F-actin) 

non-covalently cross-linked by six spectrin tetramers (Shen, Josephs et 

al. 1984; Byers and Branton 1985; Shen, Josephs et al. 1986; Liu, Derick et 

al. 1987).                
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Figure 1.  Membrane-cytoskeleton attachments in the erythrocyte 

(Luna and Hitt 1992). 

1.2.2 Junctional Complex 

 

1.2.2.a Overview 

 

JCs are located at the vertices of the thin hexagonal erythrocyte 

membrane skeleton and structurally mediate the cross-linking of 

spectrin into the network. Each JC is composed of a short actin filament 

called a protofilament and its accessory proteins: spectrin, TM, E-Tmod, 

band 4.1, band 4.9, and adducin. Two accessory proteins, E-Tmod and 

TM, stabilize the protofilament and may determine its length (Figure 2).  
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Figure 2. Schematic drawing of a junctional complex (A) and an E-

Tmod/TM complex (B). (A) A protofilament of ~37 nm associated two 

TM, an E-Tmod and six Sp; and (B) an E-Tmod/TM complex as a 

“molecular ruler” for the protofilament. Adapted from (Sung and Vera 

2003). 

 

1.2.2.b Actin Protofilaments 

 

Actin is one of the most highly conserved proteins in eukaryotic 

cells and F-Actin or microfilament is one of three major types of 

cytoskeletal protein filaments. In the erythrocyte, actin is primarily of the 

β isoform (Pinder, Ungewickell et al. 1978) and is present at 400,000-

500,000 copies per cell (Pinder and Gratzer 1983). An average of 12-14 

G-actin or globular monomeric actin polymerizes to form short actin 

filaments called protofilaments. Protofilaments form the centers of JCs 
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and are uniformly 33-37 nm in length and 7-8 nm in width (Byers and 

Branton 1985; Shen, Josephs et al. 1986).  

 

Figure 3. Length of actin protofilaments from unstripped skeletons. A 

histogram of the length distribution of 138 actin protofilaments was 

plotted as the solid line.  For comparison, the results of a previous 

analysis of the actin protofilaments in preparations of fragments of the 

stripped skeleton are shown as the dashed line (Shen, Josephs et al. 

1986). Unstripped skeletons were prepared by extracting ghosts with 

Triton X-100 and they still contain essential proteins to the integrity of the 

basic network (bands 1, 2, 4.1, and 5) with residual lipid and several 

accessory proteins (band 2.1, a portion of band 3, band 4.2, and band 

4.9). Stripped skeletons were prepared at high ionic strength and have 

the accessory proteins and lipid removed leaving the basic skeleton 

with some band 4.9.  
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It is still not clear how the lengths of the protofilaments are 

precisely controlled. TM has been proposed to determine the length of 

protofilaments (Shen, Josephs et al. 1986), since the length of a 

molecule of non-muscle, low molecular weight (LMW) TM is 33-34 nm 

(Cote 1983; Matsumura, Yamashiro-Matsumura et al. 1983; Pan, Roelke 

et al. 1986; Fowler 1990), which is similar to that of a protofilament. 

Capping of protofilaments by adducin and E-Tmod has also been 

suggested to play a role in the length determining mechanism (Gilligan 

and Bennett 1993; Fowler 1996). More recently, it has been proposed 

that a complex formed by E-Tmod and TM may function as a 

“molecular ruler” to generate protofilaments of uniform length when 

under mechanical stress (Sung, Gao et al. 2000; Sung and Vera 2003).   

1.2.2.c Tropomyosin 

 

TM is an -helical, rod-like protein that self-associates along the 

grooves of F-actin protofilaments. Erythrocyte TM is composed of two 

polypeptides of Mr 29,000 and Mr 27,000 which are present as dimers at 

70,000 copies per cell (Fowler and Bennett 1984; Fowler and Bennett 

1984).  More recently it has been shown that in human erythrocytes TM5 

and TM5b, LMW TMs, are the two major isoforms (Sung and Lin 1994; 

Sung, Gao et al. 2000). 
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The molar ratio of TM to actin in erythrocytes is one 60-kDa TM 

dimer for every 6-7 G-actin (Fowler and Bennett 1984). This molar ratio 

provides each actin protofilament with 2 TM dimers. This is consistent 

with the hypothesis that there is a TM dimer lying along each of the 2 

grooves of an actin protofilament. In this manner, TM contributes the 

stabilization of the protofilaments and also regulates the interaction of 

the protofilament with other proteins (Brown, Kim et al. 2001).  

1.2.2.d Erythrocyte Tropomodulin 

 

E-Tmod is a 40.6-kDa 359-residue (Sung, Fowler et al. 1992; Chu, 

Thompson et al. 2000) TM-binding protein which also caps the slow-

growing end actin filaments by blocking their elongation and 

depolymerization from the pointed end (Weber, Pennise et al. 1994). 

Although E-Tmod was first identified in erythrocytes (Fowler 1987), it is 

also present in several other cells and tissues including cardiac muscle 

(Gregorio and Fowler 1995) skeletal muscle (Fowler, Sussmann et al. 

1993), lens fiber cells (Woo and Fowler 1994), sensory neurons epithelial 

cells of the inner ear (Ito, Swanson et al. 1995), and some areas of the 

adult brain (Sussman, Sakhi et al. 1994; Yao, Nathanson et al. 2007). E-

Tmod is also highly conserved across several species including humans 

(Sung, Fowler et al. 1992), mice (Ito, Swanson et al. 1995), rats 
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(Watakabe, Kobayashi et al. 1996), and chickens (Babcock and Fowler 

1994). For a summary, see (Chu, Thompson et al. 2000). 

In erythrocytes, the capping of F-actin by E-Tmod is functionally 

dependent on E-Tmod’s ability to bind TM. There are 30,000 copies of E-

Tmod in each erythrocyte yielding one molecule associated with each 

actin protofilament and two dimers of TM (Gilligan and Bennett 1993). 

The capping of F-actin by E-Tmod is enhanced by the presence of 

erythrocyte TM (Fowler 1997).  In the presence of erythrocyte TM in vitro, 

E-Tmod is able to bind F-actin and completely block elongation and 

depolymerization from the pointed ends (Kd ≤ 1 nM) (Weber, Pennise et 

al. 1994). Conversely, in the absence of erythrocyte TM, E-Tmod is a 

“leaky” cap and is only able to partially inhibit elongation and 

depolymerization at the pointed filament end (0.1µM ≤ Kd ≤ 0.4 µM) 

(Weber, Pennise et al. 1994).  

1.2.2.e Molecular Interactions between Actin, TM, and E-Tmod  

 

The three proteins central to the molecular ruler hypothesis are 

actin, TM (TM5 and TM5b (Sung and Lin 1994; Sung, Gao et al. 2000), 

and E-Tmod. Protofilaments are the focal point of the junctional 

complexes and must have enough mechanical integrity to withstand 

forces from spectrin under stress. The main function of TM and E-Tmod is 
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to coat and stiffen the actin filaments making them more resistant to 

depolymerization and fragmentation. Using electron microscopy, the 

length of F-actin in the erythrocyte membrane skeleton has been found 

to approximate the length of a TM molecule (Shen, Josephs et al. 1986). 

LMW TMs have a configuration that would accommodate and stabilize 

6 G-actin along each strand in junctional complexes (Figure 2). 

Additionally, TM5 and TM5b, have both the highest binding affinity for E-

Tmod and F-actin among known LMW isoforms (Sung and Lin 1994). E-

Tmod has a higher affinity for F-actin in the presence of TM. When 

complexed with TM, E-Tmod is able to bind and block F-actin from the 

pointed end. On the other hand, when TM is complexed with E-Tmod it 

is not able to overlap with other TMs in a head-to-tail manner along F-

actin. Resultantly, only the first 6 G-actin in one strand (or 12 G-actin in 

the double helix) are protected by TM. This supports the hypothesis of a 

molecular ruler approximating the length of F-actin in erythrocytes.  

1.3 Biomechanical Properties of Erythrocytes 

The mechanical properties of living cells are studied to 

understand their response to stress in the circulation and tissues. The 

cells are usually subjected to a known amount of force or stress and the 

cell’s deformation is then measured. The mechanical properties of 

normal human erythrocytes have been previously characterized. The 
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proposed techniques to be used, micropipette aspiration and 

ektacytometry, have been reported and were readily available in the 

UCSD Department of Bioengineering. 

1.3.1 Micropipette Aspiration of Erythrocytes 

Micropipette aspiration has been used extensively to study the 

mechanical properties of circulating blood cells including erythrocytes 

(Evans 1973; Chien, Sung et al. 1978; Discher, Mohandas et al. 1994; 

Boey, Boal et al. 1998; Discher, Boal et al. 1998) and leukocytes 

(Schmid-Schonbein, Sung et al. 1981; Sung, Dong et al. 1988). The 

method involves pulling the surface of the cell into the mouth of a 

micropipette by lowering the pressure inside of the micropipette 

(increasing the aspiration pressure) (Figure 4). The cell is photographed 

and the length of the lip sucked into the pipette is measured as a 

function of the aspiration pressure yielding the resistance to 

deformation of the cell membrane.  Continuum mechanics is then used 

to analyze the cell membrane deformation.  
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Figure 4. Schematic diagram of micropipette experiment. Adapted 

from (Rand 1964). 

1.3.2 Ektacytometry of Erythrocytes 

 Ektacytometry is a method used to determine the deformability 

of erythrocytes by combining laser diffraction and viscometry. This 

method was originally introduced in 1974 by Bessis and Mohandas 

(Bessis and Mohandas 1974; Bessis, Mohandas et al. 1980) and was 

created to quickly and accurately measure mean cell volume, 

hemoglobin concentration, and deformability of erythrocytes for 

diagnosing anemias in clinical settings. Ektacytometers have been 

made in laboratories worldwide and are also available commercially. 

The fundamental elements of an ektacytometer are the viscometer 

made of transparent materials and a laser beam to pass through the 

layer of sheared erythrocytes in the viscometer gap.  
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 Ektacytometry is based on the principle of cell elongation which 

is dependent on shear rate and the viscosity of the suspending 

medium. It is assumed that the shear rate is constant across the gap of 

a Couette viscometer (Stoltz, Ravey et al. 1981; Scheven 1989; Johnson 

1994) and therefore all the cells experience the same shear rate. Also 

the suspending medium must have a viscosity sufficiently greater than 

the internal viscosity of the cells for elongation to occur (Fischer, Stohr-

Lissen et al. 1978). The flow in the viscometer is laminar for the rotation 

speeds and viscosities used in ektacytometry. During shearing, the cells 

align their long axis normal to the rotational axis. The laser light is used to 

produce the diffraction pattern from which cell shape information is 

obtained and the deformability index (DI) is calculated. The DI is 

computed from the average dimension of the major and minor axes of 

the deformed ellipsoid diffraction patterns of the cells at varying values 

of applied shear stress. The light intensities are measured at points A 

and B (Figure 5) on the inner diffraction ring of a cell’s diffraction 

pattern. As the cell is elongated the light intensity at point B decreases 

and the light intensity at point A increases. The light signal is converted 

to a signal that is proportional to A-B/A+B which is equal to DI. 
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Figure 5. Diffraction pattern of an elongated cell. A cell deforms from a 

circular disk-like shape to an ellipsoid shape. Light intensities at points A 

and B in the diffraction pattern of an elongated cell enable the 

calculation of DI. Adapted from (Bessis, Mohandas et al. 1980; Liu, 

Derick et al. 1987). 

1.3.3 Transmission Electron Microscopy (TEM) of the Erythrocyte 

Membrane Skeleton 

 

TEM of the isolated erythrocyte membrane skeleton has shown a 

dense protein network underlying the cell membrane. Early TEM of the 

erythrocyte membrane skeleton revealed its hexagonal arrangement 

of long spectrin tetramers cross-linked by JCs of a uniform length of ~37 

nm (Byers and Branton 1985; Shen, Josephs et al. 1986; Liu, Derick et al. 

1987). The general method involves isolating the ghost membranes 

using a series of phosphate buffers of varying pH and osmolarity and 

solubilizing the lipid bilayer with Triton-X revealing the membrane 

skeleton. The skeletons are then applied to TEM grids that are usually 

coated with a formvar or carbon film for sample support and 
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negatively stained by a heavy metal such as osmium tetroxide or uranyl 

acetate. Immunogold labeling in combination with TEM has been 

further used to localize several erythrocyte membrane proteins 

including ankyrin, band 4.1, adducin, dematin, and E-Tmod (Derick, Liu 

et al. 1992; Ursitti and Fowler 1994) on the network.  

1.4 Erythrocyte Tropomodulin Knockout (KO) Mouse Model 

An E-Tmod KO mouse model has been created (Chu, Chen et al. 

2003) in our laboratory and is readily available.  The E-Tmod null 

mutation is lethal in utero. E-Tmod-/- embryos die around E10 of a non-

contractile heart tube that has an underdeveloped right ventricle and 

disorganized myofibrils. There are also mechanically weakened 

erythroblasts present in the yolk sac. The cardiac and erythroid defects 

demonstrate an essential role for E-Tmod capping of actin filaments in 

both the cardiac sarcomeres and the erythroid precursor cells. 

Furthermore, the null mutation has not been shown to be compensated 

for by any other protein.  

 1.5 Tropomodulin Overexpressing Transgenic (TOT) Mice 

TOT mice, which overexpress E-Tmod in the heart, have been 

provided by Mark Sussman. The TOT mouse model was created as a 

disease model to study dilated cardiomyopathy (Sussman, Welch et al. 
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1998). TOT mice carry a transgene in which E-Tmod is under the control 

of the alpha-myosin heavy chain promoter, a cardiac specific 

promoter. TOT adult mice display characteristics such as decreased 

contractility of the heart and loss of myofibril organization which are 

hallmarks of progressive and chronic dilated cardiomyopathy in 

humans (Izumi, Hattori et al. 1978; Schaper, Froede et al. 1991; Jindal, 

Talwar et al. 1994; Sussman, Welch et al. 1999).  
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Chapter 2: Generation of E-Tmod-/- Adult Mice 

 

2.1 Rationale and Specific Aim 

 

 In order to study the role E-Tmod plays in the topology and 

mechanical properties of membrane skeleton of mature erythrocytes, 

mature erythrocytes in which E-Tmod is absent are needed. In our 

laboratory’s E-Tmod KO mouse model, the null mutation is lethal in utero 

near E.10 (Chu, Chen et al. 2003). E-Tmod-/- mouse embryos die due to 

severe cardiac defects including a non-contractile heart tube, an 

underdeveloped right ventricle, and disorganized myofibrils. As a result, 

the previous E-Tmod KO mouse model did not provide adult mice from 

which to study the role of E-Tmod in mature erythrocytes. The aim of this 

chapter was to rescue E-Tmod-/- adult mice so that adult E-Tmod-/- 

erythrocytes could be studied.  

2.2 Experimental Design 

 Since the main cause of in utero death of E-Tmod-/- embryos 

were severe cardiac defects, rescuing the E-Tmod-/- mouse would 

involve compensating for those defects by somehow expressing E-

Tmod only in the cardiac tissue.  Mark Sussman et al. created a mouse 

model that overexpresses E-Tmod only in the heart (Sussman, Baque et 
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al. 1998).  TOT mice carry a transgene in which the alpha-myosin heavy 

chain promoter, a cardiac specific promoter, controls E-Tmod 

expression thereby targeting overexpression to the heart. We 

hypothesized that the overexpression of E-Tmod in the heart would 

compensate for the lethal cardiac defects in the E-Tmod-/- mouse 

therefore rescuing the mouse. E-Tmod+/- mice were bred against TOT 

mice to obtain founders which were E-Tmod+/- and carriers of the TOT 

transgene. The founders were then inbred to obtain the desired mouse 

genotype of TOT E-Tmod-/-. TOT E-Tmod-/- mice were verified using PCR 

genotyping and the absence of E-Tmod in TOT E-Tmod-/- erythrocytes 

was verified via western blot analysis.  

2.3 Materials and Methods 

2.3.1 Genotyping of E-Tmod-/- and TOT Mice 

 Our laboratory previously established an E-Tmod KO mouse 

model (Chu, Chen et al. 2003). TOT mice, which overexpress E-Tmod in 

the heart, were provided by Mark Sussman from San Diego State 

University and were used to rescue our E-Tmod-/- mouse model. Primers 

to genotype the TOT mice were designed. All primers used for current 

genotyping are listed in Table 1. Genomic DNA was isolated from tails 

of adult mice using the phenol-chloroform extraction method.  

Polymerase chain reaction (PCR) was performed using the extracted 
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genomic DNA (Accuprime PCR Kit, Invitrogen).  The program used for 

the PCR genotyping is as follows: 

 

Initial 

denaturation 

94C 2 min 

Denaturing 94C 30 sec 

Annealing 55C 30 sec 

Extension 70C 2 min 10 sec 

Final Extension 70C 10 min 

End of reaction 4C ∞ 

The PCR products were then separated on a 0.9% agarose gel and 

stained with ethidium bromide. The expected PCR fragments sizes were 

1.7 kb, 2.2 kb, and 1.2 kb which represent the wild-type E-Tmod gene, 

KO E-Tmod gene, and TOT transgene, respectively (Figure 6).  

2.3.2 Rescue of E-Tmod-/- Mouse 

 TOT mice were bred against E-Tmod+/- mice to produce TOT E-

Tmod+/- mice that carried the TOT transgene, one copy of E-Tmod wild-

type gene, and one copy the E-Tmod KO gene. TOT E-Tmod+/- mice 

were inbred to produce the F2 generation containing the desired TOT E-

Tmod-/- mice. TOT E-Tmod-/- mice have two copies of the E-Tmod KO 

gene and carried the TOT transgene without any copies of the wild 

35 cycles 
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type E-Tmod gene. Following the rescue, from this point forward TOT E-

Tmod-/- mice will be referred to as E-Tmod-/- mice. 

Table 1. Primers and expected band sizes for genotyping of E-Tmod+/- 

and TOT mice by PCR. 

PCR 

Fragment  

Primers Expected 

Band 

Size (kb) 

Wild Type 

E-Tmod 

Gene 

P1   Forward (5’-

ATGCTCCTGGGTGACTAAGGTG-3’) 

140R Reverse (5’-CAGCTCCTCCTCTGTGAGG-

3’) 

1.7 

KO E-Tmod 

Gene 

(Disrupted 

Gene) 

P1      (5’-ATGCTCCTGGGTGACTAAGGTG-3’) 

Lac541R (5’-CAGGTCAAATTCAGACGGCA-3’ 

2.2 

TOT 

Transgene 

TOTFwd  (5’-

GAGCTGTCAGAGATTTCTCCAACC-3’) 

140R    (5’-CAGCTCCTCCTCTGTGAGG-3’) 

1.2 

 



24 
 

 
 

 

Figure 6. Wildtype E-Tmod, disrupted E-Tmod, and TOT transgene PCR 

primer annealing sites. The targeted disruption of the mouse E-Tmod 

gene is illustrated. Primer binding sites are show along with expect PCR 

fragment sizes. (Modified from (Chu, Chen et al. 2003) and (Sussman, 

Baque et al. 1998) 

2.3.3 Western Blot Analysis of E-Tmod-/- Erythrocytes 

 

Western blot analysis was used to confirm that E-Tmod is absent in 

the membrane skeletons of the E-Tmod-/- erythrocytes. Blood was 

collected from the tails of E-Tmod-/-, E-Tmod+/+, and E-Tmod+/- mice. 

Blood samples collected from normal E-Tmod+/+ mice were used as a 

positive control. The ghost membranes (GM) were isolated from the 

blood samples as described in (Dodge, Mitchell et al. 1963; Bennett 

and Stenbuck 1980). Proteins from the GM and lysate were then 

separated using SDS-PAGE. The separated proteins were transferred to 
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a nitrocellulose (NC) membrane and stained with Ponceau Red to view 

the overall transferred protein profile. The NC membrane was washed 

and blocked with 5% (w/v) nonfat dried milk in Tris-Buffered Saline (TBS). 

E-Tmod was detected using anti-human E-Tmod monoclonal antibody 

(mAb) 254 (1:1000 dilution, IgG1) as the primary antibody and HRP-

conjugated goat anti-mouse IgG polyclonal antibody (1:1000 dilution) 

as the secondary antibody (BioRad, #172-1011 Hercules, Ca). mAb 254 

was designed, tested, and its epitopes previously characterized in our 

laboratory. An enhanced chemiluminescence kit, Supersignal West 

Pico (PIERCE, #34080, Rockford, IL), was used for detection of the HRP 

conjugated secondary antibody.  

 Western blot analysis was also performed to see which isoforms of 

E-Tmod were present in the cytosol of erythrocytes and whether the 41-

kDa isoform of E-Tmod was in fact knocked out in the entire erythrocyte. 

The full length E-Tmod 41-kDa species was previously reported whereas 

the 29-kDa isoform has not yet been reported but was discovered in our 

laboratory using reverse transcription PCR with exon specific primers 

and western blot analysis of whole erythrocyte lysate (Yao and Sung, 

under review). The 29-kDa species is one of the 2 major isoforms of E-

Tmod present in erythrocytes. The 29-kDa isoform is created by splicing 
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out exons 1 and 2 and beginning translation with an in-frame initiation 

codon of ATG in the middle of exon 3 (Figure 7).  

 

Figure 7. The alternative splicing and multiple transcriptional start sites of 

the E-Tmod gene. The calculated molecular mass of 2 splice variants, 

actin-binding site, and TM5 binding site are shown. Red dots indicate 

polyadenylation sites. (Yao and Sung 2010) 

 

 In this experiment, blood was collected from the tails of E-

Tmod+/+, E-Tmod+/-, and E-Tmod-/- mice. Erythrocytes were isolated from 

the whole blood by centrifuging at 1,300 xg for 5 min and then washed 

three times in isotonic PBS (pH 7.4). Washed erythrocytes were then 

lysed by adding them drop wise to 5 mM sodium phosphate buffer, pH 

7.4 for a final dilution of 1:99 erythrocytes:buffer, respectively. Proteins 

from whole erythrocyte lysate were separated using SDS-PAGE and a 

western blot was performed as described previously. Then mAb 254 was 

used to detect both the 41-kDa and 29-kDa isoforms of E-Tmod. 
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2.4 Results 

E-Tmod-/- mice have been rescued. Genotyping results from the 

first generation of knockouts are shown in Figure 8 in which one TOT E-

Tmod+/- and two TOT E-Tmod-/- mice were genotyped. The DNA gel 

shows that the TOT E-Tmod+/- mouse has fragments of 1.7 kb, 1.2 kb, and 

2.2 kb corresponding to the expected band sizes for the wild-type E-

Tmod gene, TOT transgene, and E-Tmod knockout gene, respectively. 

On the other hand, the two TOT E-Tmod-/- mice gel lanes have 1.2 kb 

and 2.2 kb  fragments  only corresponding to the expected band sizes 

for the TOT transgene and E-Tmod knockout genes, respectively. It 

clearly shows that both copies of the wild type E-Tmod gene have 

been disrupted. 
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Figure 8. The genotyping of E-Tmod-/- mice by PCR. Genomic DNA was 

isolated from the tails of the mice. Genotypes were then examined by 

PCR. The 1.7 kb and 2.2 kb PCR fragments represent the wild-type and 

E-Tmod knockout (KO) genes, respectively. The 1.2-kb PCR fragment 

represents the TOT transgene.  

  

 To confirm that the full length 41-kDa E-Tmod protein was not 

expressed at the protein level in erythrocytes, SDS-PAGE and western 

blot analysis was performed first on erythrocyte ghost membrane 

(Figure 9) and second on whole erythrocyte lysate (Figure 10). The SDS-

PAGE results for the ghost membrane samples show the overall 

membrane skeleton protein profiles for E-Tmod+/+, E-Tmod+/-, and E-

Tmod-/-.  
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Figure 9. (a) SDS-PAGE of erythrocyte GM. GMs were isolated from 

whole blood drawn from E-Tmod-/-, E-Tmod+/+, and E-Tmod+/- adult 

mice. Approximately 10 µg of mouse GM proteins were loaded in each 

lane, then separated by 10% SDS-PAGE, and stained with Coomassie 

blue. (b) Western blot of erythrocyte GM. After SDS-PAGE separation, 

the GM proteins were transferred to NC membrane. Transferred proteins 

were first incubated with mouse anti-E-Tmod monoclonal antibody 

#254 and then incubated with goat anti-mouse HRP-conjugated 

antibody. Immunoblot was developed using chemiluminescence. 
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 The western blot against E-Tmod showed a 41-kDa band 

corresponding to the size for the full length E-Tmod isoform in both E-

Tmod+/+ and E-Tmod+/- GM samples, whereas the E-Tmod-/- did not have 

any band present on the blot. 

 Western blot analysis was also performed against E-Tmod for 

whole erythrocyte lysate samples from E-Tmod+/+, E-Tmod+/-, and E-

Tmod-/- mice (Figure 10). The results are positive for all samples for both 

the 29-KDa isoform of E-Tmod and its dimer at 58 KDa. The E-Tmod-/- 

sample has a weaker 29-KDa band when compared to those from the 

E-Tmod+/+ and E-Tmod+/- samples. 

 Since The Western blot analysis of the whole erythrocyte lysate 

showed a sharp difference between the ratio of the 58-kDa dimer to 

the 29-kDa monomer for the E-Tmod-/- sample compared to the E-

Tmod+/+ and E-Tmod+/- samples, further analysis was completed using 

IntDen measurements in Image J. Image J was used to quantify the 

ratio of the 58-kDa dimer to the 29-kDa monomer for each sample 

(Table 2).       

 The results of the Image J analysis are that the E-Tmod-/- whole 

erythrocyte lysate ratio of 58-kDa isoform to 29-kDa dimer is ~10 times 

the ratios for the E-Tmod+/+ and  E-Tmod+/- samples. These results 
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indicate that the 29-kDa isoform is dimerized approximately 10 times 

more in E-Tmod-/- erythrocytes than in E-Tmod+/+ and E-Tmod+/- 

erythrocytes. 

 

Figure 10. (a)SDS-PAGE of whole erythrocyte lysate. Approximately 30 

µg of whole erythrocyte lysate from E-Tmod-/-, E-Tmod+/+, and E-Tmod+/- 

adult mice were loaded in each lane, separated by 10% SDS-PAGE, 

and stained with Coomassie blue. (b) Western blot of whole erythrocyte 

lysate. After SDS-PAGE separation, the whole erythrocyte lysate proteins 

were transferred to NC membrane. Transferred proteins were first 

incubated with mouse anti-E-Tmod mAb 254 and then incubated with 

HRP-conjugated goat anti-mouse IgG antibody. Immunoblot was 

developed using chemiluminescence.  
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Table 2. Densitometric analysis of western blot of whole erythrocyte 

lysate. Density is integrated density in Image J software. 

Genotype 58 kDa 

(Density) 

 

29 kDa 

(Density) 

 

58 kDa/29 kDa 

E-Tmod+/+ 226,034 321,157 0.70 

E-Tmod+/- 174,619 275,855 

 

0.63 

E-Tmod-/- 206,056 34,531 5.97 

 

2.5 Discussion 

 

 The purpose of this study was to rescue the embryonic lethality of 

the null mutation of E-Tmod in mice. The results show that embryonic 

lethality was successfully rescued by cross-breeding TOT mice with E-

Tmod+/-, and subsequently interbreeding the TOT E-Tmod+/- offspring to 

generate the desired E-Tmod-/- mice (Figure 8). The survival and rescue 

of E-Tmod-/- mice support the hypothesis that the overexpression of E-

Tmod in the heart would compensate severe cardiac defects found in 

E-Tmod-/- embryos (Chu, Chen et al. 2003). Therefore the non-

contractile heart tube, underdeveloped right ventricle, and 

disorganized myofibrils were the main cause of the E-Tmod-/- null 

mutation embryonic lethality not the mechanical defects found in E-

Tmod-/- primitive erythroid cells or the cessation of hematopoiesis 
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(McKeown, Nowak et al. 2008). In fact, the cessation of hematopoiesis 

previously found in E-Tmod-/- embryos (Chu, Chen et al. 2003) could 

have been caused by the deficient pumping capability of the 

underdeveloped heart and resultant lack of vitelline circulation. The 

rescued E-Tmod-/- embryo has sufficient hematopoietic activity to be 

born and survive to adulthood.  

 Western blot analysis of the erythrocyte GM of E-Tmod-/- mice 

showed that at the protein level, the 41-kDa full length isoform of E-

Tmod is not expressed (Figure 9). Even after the rescue, the knockout of 

the 41-kDa E-Tmod was maintained. The full length 41-kDa isoform of E-

Tmod is the isoform found in the membrane of erythrocytes, the other 

being the 29 kDa isoform of E-Tmod in the cytosol. The full length 41-kDa 

isoform caps the pointed or slow growing end of actin filaments in the 

erythrocyte membrane skeleton; whereas the 29-kDa isoform is found 

only in the cytosol of erythrocytes and is not incorporated into the 

erythrocyte membrane skeleton. Western blot analysis performed on 

erythrocyte lysate samples showed that the 29-kDa isoform was still 

expressed in the cytosol of E-Tmod-/- erythrocytes (Figure 10). There was 

also variation between the E-Tmod+/+, E-Tmod+/-, and E-Tmod-/- samples 

in the amounts of 29-kDa E-Tmod found on the blot. The E-Tmod-/- 

erythrocyte lysate sample had less 29-kDa isoform present when 
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compared to the E-Tmod+/+ and E-Tmod+/- erythrocyte lysate samples. 

There were also bands present at the 58-kDa size which represent the 

dimer of the 29-kDa E-Tmod isoform.  Image J was used to analyze the 

ratio between the 58-kDa dimer and 29-kDa E-Tmod monomer.  

 Image J results yielded a large difference in the ratio of 58-kDa 

dimer to 29-kDa monomer across the three samples (Table 2). The E-

Tmod+/+ and E-Tmod+/- erythrocyte lysate samples had similar integrated 

density ratios for 58-kDa dimer to 29-kDa monomer of 0.70 and 0.63. On 

the other hand, the E-Tmod-/- erythrocyte lysate sample had an 

integrated density ratio for 58-kDa dimer to 29-kDa monomer of 5.97. 

These results show that in the E-Tmod-/- erythrocyte the 29-kDa isoform is 

found more in dimerized form.  Effectively, the higher the dimerization, 

the higher the oxidative stress of the erythrocytes, therefore the  results 

also suggest that E-Tmod-/- erythrocytes may be ~10 times more 

oxidized than the E-Tmod+/+ and E-Tmod+/- erythrocytes. Increased 

oxidative stress can cross-link membrane skeletal proteins and modify 

the lipid bilayer, potentially causing membrane damage and 

decreased deformability in oxidized erythrocytes (Hayes and McLellan 

1999).   
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 A possible mechanism for the increased oxidation found in the 

case of E-Tmod-/- erythrocytes could be disruption of the lipid bilayer 

during exposure to shear stress. It has been shown that erythrocytes with 

defective membrane skeletons have increased permeability to cations 

(Joiner, Franco et al. 1995).  In E-Tmod-/- erythrocyte membrane 

skeletons, E-Tmod is not present to cap the protofilament. Without the 

presence of the E-Tmod cap, the protofilaments could vary in length 

from shorter to longer than the normal length of ~37 nm. This irregularity 

could cause changes to the distribution of stress along spectrin 

tetramers in the network altering the mechanics of the network and 

consequently disrupting the continuity of the lipid bilayer during 

circulation allowing leakage of ions across the membrane leading the 

oxidation of the cell’s interior. Over the life of the E-Tmod-/- erythrocyte, 

oxidation could be a cumulative process eventually altering the 

mechanical properties of the erythrocytes making them less 

deformable. 

Chapters 2, in part is currently being prepared for submission for 

publication of the material. Green, Terrell A.; Sung, Lanping A. The 

dissertation author was the primary investigator and author of this 

material. 
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Chapter 3: Morphological and Molecular 

Analysis of E-Tmod-/- Erythrocytes  

3.1 Rationale and Specific Aim 

The assembly and organization of the erythrocyte membrane 

skeleton is fundamentally important to understanding the mechanical 

properties of erythrocytes. The erythrocyte membrane skeleton is a 

combination of “spoked” hexagons containing actin protofilaments 

that are uniformly ~37 nm in length. Each actin protofilament is located 

at the center of the junctional complex and is usually associated with 6 

spectrin heterodimers forming the lattices of the hexagonal network. E-

Tmod caps the slow-growing end of actin filaments in erythrocytes 

preventing elongation and depolymerization of the protofilament. E-

Tmod and TM together may determine the length of actin 

protofilaments in the membrane skeleton. 

 In the current research, a mouse model was created in which E-

Tmod is knocked out in erythrocytes. It was hypothesized that knocking 

out E-Tmod in erythrocytes would allow both depolymerization and 

polymerization of F-actin and randomly changing the number of 

spectrin heterodimers associated with each protofilament in the 
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membrane skeleton. Changes in the membrane skeleton may translate 

into morphological changes in the cells and changes in the molecular 

composition of the membrane skeleton and the mechanical properties 

of the cells. The following experiments are proposed to test the 

hypothesis.  

3.2 Experimental Design 

E-Tmod is the slow growing end actin capping protein in the 

erythrocyte membrane skeleton. In this mouse model, E-Tmod has been 

knocked out and thus without a replacement capping protein. Actin 

filaments without a capping protein could cause a variation in length 

and the number of spectrin dimers associated with each actin filament. 

Changes in the network topology could translate into changes in 

erythrocyte morphology. In this research, a combination of light and 

electron microscopy was proposed to quantify any changes in 

morphology and membrane skeleton topology for E-Tmod-/- 

erythrocytes.  

To characterize the overall morphology of the E-Tmod-/- 

erythrocytes, Giemsa stained blood smears were prepared and viewed 

via light microscopy. Giemsa stain is a histological standard used for 

differential staining of peripheral blood smears and to diagnose 
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hematological disorders. In a Giemsa stained blood smear, the 

erythrocytes stain pink, allowing for analysis of the overall cell 

morphology such as round shape or degree of biconcavity.  Scanning 

electron microscopy, which has a typical spatial resolution on the order 

of hundreds of nanometers, was used for a more detailed analysis of E-

Tmod-/- erythrocyte morphology. 

The membrane skeletons of E-Tmod-/- erythrocytes were analyzed 

using transmission electron microscopy. Transmission electron 

microscopy, which has a resolution on the order of angstroms, has been 

traditionally used to study both the normal erythrocyte membrane 

skeleton (Shen, Josephs et al. 1984; Byers and Branton 1985; Shen, 

Josephs et al. 1986; Liu, Derick et al. 1987) and the diseased erythrocyte 

membrane skeleton (Shinar, Shalev et al. 1987; Yawata, Kanzaki et al. 

1997). In this research, transmission electron microscopy was used to 

detect changes in the membrane skeleton of E-Tmod-/- erythrocytes 

when compared to the membrane skeleton of normal E-Tmod+/+ 

erythrocytes. The images were analyzed focusing specifically on 

topological aspects of the network, such as the sizes of the hexagons or 

openings. 
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3.3 Materials and Methods 

3.3.1 Blood Smear and Hematological Analysis of E-Tmod-/- Erythrocytes 

 Blood samples were collected from the tail vein of E-Tmod+/+, E-

Tmod+/-, and E-Tmod-/- mice and blood smears were prepared.  The 

smears were then fixed in 100% methanol for 5 minutes and then 

allowed to air dry. Once dry, the fixed blood smear was then 

submerged in 5% Giemsa solution for 30 minutes. Following staining with 

Giemsa, the slide was rinsed in deionized water and allowed to air dry 

before being visualized with a light microscope.  

 New Methylene Blue stained blood smears were also prepared. 

New Methlyene Blue is used to stain immature red blood cells or 

reticulocytes by labeling the reticulum an intense blue. New Methylene 

Blue can also simultaneously stain Heinz bodies in erythrocytes 

(Thompson 1961). Blood samples were collected from the tail vein of E-

Tmod+/+, E-Tmod+/-, and E-Tmod-/- mice. Equal volumes of blood and 

New Methylene Blue Stain were mixed and allowed to incubate at 

room temperature for 20 minutes. Blood smears were then prepared 

from each of the New Methylene Blue labeled samples and visualized 

using a light microscope.  
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 Complete blood counts were also performed on E-Tmod+/+, E-

Tmod+/-, and E-Tmod-/- blood samples. Blood was collected from mice 

by submandibular bleed and placed in EDTA coated microtainer blood 

collecting tubes (BD Medical, 02-669-38, Franklin Lakes, NJ). A complete 

blood count was then performed using a MS9-5 5 Part Differential 

Hematological Analyzer (MELET SCHLOESING Laboratories, France). The 

key parameters given by the MS9-5 5 part Differential Hematological 

Analyzer are described in Table 3. 
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Table 3. Description of blood count parameters. 

Parameter Unit Description 

RBC  x 1,000,000/µL 

Red Blood Cell 

Count 

Hb g/dl 

Hemoglobin 

Concentration 

Hct % 

Proportion of 

blood occupied 

by red blood cells 

MCV µm3 Mean Cell Volume 

MCH pg 

Mean Cell 

Hemoglobin 

MCHC g/dl 

Mean Cell 

Hemoglobin 

Concentration 

RDW-SD fl 

Red Blood Cells 

Distribution Width 

Standard 

Deviation 

RDW-CV % 

Red Cells 

Distribution Width 

Coefficient of 

Variation 

µRBC % 

Microcytic RBC 

ratio 

MRBC % 

Macrocytic RBC 

Ratio 

Reticulocyte 

% 

(number/100WBC) 

% 

(Reticulocyte/100 

White Blood Cells) 

 

  

3.3.2 SEM Analysis of E-Tmod-/- Erythrocytes 

 SEM analysis was performed to analyze the morphology of E-

Tmod-/- erythrocytes when compared to E-Tmod+/+ and E-Tmod-/- 
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erythrocytes. Erythrocytes were fixed for 1 hour in 1% glutaraldehyde in 

PBS (pH 7.4) at 4 ºC. Erythrocytes were then washed 3 times using 

deionized water, deposited on small coverglass, and allowed to air dry. 

The coverglass was mounted onto a SEM stub using 2 sided adhesive. 

Samples were sputter coated with gold-palladium alloy using a 

Cressington Sputter 108 Auto Sputter Coater (Cressington Scientific 

Instruments Ltd, Watford, UK). The samples were then analyzed using a 

FEI Quanta 600 ESEM (FEI, Hillsboro, Oregon) in high vacuum mode.   

3.3.3 TEM Analysis of the E-Tmod-/- Erythrocyte Membrane Skeleton 

 TEM analysis of E-Tmod+/+ and E-Tmod-/- erythrocyte membrane 

skeletons was adapted from the protocol of Byers and Branton (Byers 

and Branton 1985). Copper grids of 200 mesh (Ted Pella, G200HS, 

Redding, CA) were coated with 0.25% (w/v) Formvar in ethylene 

dichloride according to the method described (Davison and 

Colquhoun 1985). Formvar coated grids were then carbon coated and 

subjected to glow discharge (Cressington Carbon High Vacuum Coater 

208Carbon, England) immediately prior to use.   

 Fresh blood was collected from the tail vein of E-Tmod+/+ and E-

Tmod-/- mice. Collected blood cells were then washed 3 times with 

phosphate-buffered saline containing Mg and EGTA (Pi/NaCl/Mg; 150 
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mM NaCl, 5 mM NaH2PO4, 2 mM NaN3, 2 mM MgCl2, 1 mM EGTA, pH 5.5). 

Buffers of pH 5.5 were used to enhance spreading of the membrane 

skeleton (Byers and Branton 1985). Grids were treated with 0.2% (wt/wt) 

poly-L-lysine, Mr > 300,000 for 1 min and then washed extensively with 

Pi/NaCl/Mg buffer (pH 5.5). A 3 µl droplet of washed erythrocytes was 

place on to each poly-L-lysine treated grid and erythrocytes were 

allowed to adhere for 30 seconds. The non-adherent erythrocytes were 

washed off the grids using Pi/NaCl/Mg buffer (pH 5.5).  The adherent 

erythrocytes were then treated for 10 seconds with 5 mM phosphate 

buffer containing Mg and EGTA (5 mM PO4/Mg: 5 mM NaH2PO4, 2 mM 

MgCl2, 1 mM EGTA, pH 5.5) and subsequently broken open with a jet of 

5 mM PO4/Mg buffer (pH 5.5) containing 0.1% Triton X-100 from a 26-

gauge needle at an oblique angle. The grids were briefly washed with 

Pi/NaCl/Mg buffer (pH 5.5) and then fixed with Pi/NaCl/Mg buffer (pH 

5.5) containing 0.1% glutaraldehyde for 5 min. The prepped grids were 

then washed briefly with Pi/NaCl/Mg buffer (pH 5.5). The samples where 

then negatively stained by dropping 2% uranyl acetate in distilled water 

over the grids for 10 sec and then blotting off the excess stain. The grids 

were allowed to air-dry. Specimens were viewed using a JEOL 1200 FX1 

transmission electron microscope with an accelerating voltage of 60 

kV.  
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3.4 Results 

3.4.1 Blood Smear Analysis 

Blood smears were prepared from E-Tmod+/+, E-Tmod+/-, and E-

Tmod-/- blood samples. Blood smears were stained either with Giemsa  

or New Methylene Blue (Figure 11). Giemsa staining was used to view 

the morphology of the smeared erythrocytes. There was no significant 

difference found between the morphology of the E-Tmod+/+, E-Tmod+/-, 

and E-Tmod-/- blood samples.   

New Methlylene Blue stained blood smears were prepared to 

label and count reticulocytes and to also label Heinz bodies if present 

in erythrocytes on the smear. Normal reticulocyte count for adult 

C57BL/6 mice has been shown to be between 2-4% (Fabry 1993; De 

Franceschi, Brugnara et al. 1997; Oldenborg, Gresham et al. 2002). A 

higher than normal reticulocyte count indicates a premature release of 

immature erythrocytes into the circulation to replenish erythrocytes loss 

due to rapid destruction, such as in the case of hemolytic anemia.   

There was no significant difference found between the 

reticulocyte counts for E-Tmod+/+, E-Tmod+/-, and E-Tmod-/- blood 

samples (Table 4). New Methylene Blue staining of E-Tmod-/- 
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erythrocytes did not show the presence of Heinz bodies compared to E-

Tmod+/+ and E-Tmod+/- erythrocytes. 
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Figure 11. Giemsa and New Methylene Blue stained blood smears. 

Smears were prepared from fresh blood was drawn from E-Tmod+/+, E-

Tmod+/-, and E-Tmod-/- mice, respectively, and stained with Hema3 (left 

panel), a comparable Wright-Giemsa stain or New Methylene Blue 

(right panel). All smears were visualized using a light microscope. 

Images were taken with an x 100 magnification oil submersion objective 

lens with numerical aperture 1.25. Scale bar represents 5 µm.  The 

darker dots in the left panels are platelets. The cells with blue dots in the 

right panels are reticulocytes. 
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3.4.2 Blood Count Analysis 

 Blood count analysis was completed for E-Tmod+/+, E-Tmod+/-, 

and E-Tmod-/- blood samples. Erythrocyte related blood counts for all 

three genotypes are shown in Table 4. For E-Tmod+/+, E-Tmod+/-, and E-

Tmod-/- genotypes, blood samples from 8 adult mice per genotype 

were tested respectively. Most measured blood count parameters for E-

Tmod+/+, E-Tmod+/-, and E-Tmod-/- blood samples fell within the normal 

range for adult mice. In contrast, when the counts for E-Tmod+/+, E-

Tmod+/-, and E-Tmod-/- were compared to each other, there were some 

notable differences. Blood count analysis yielded several statistically 

significant (p < 0.03) differences between E-Tmod+/+ and E-Tmod-/- 

blood including a higher RBC count, higher Hct, lower MCV, higher 

RDW-CV, higher µRBC, and higher platelet count (Table 4).  
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Table 4. Blood count analysis. Blood was collected from E-Tmod+/+, E-

Tmod+/-, and E-Tmod-/- mice via submandibular bleed into EDTA coated 

microcontainers. A MS9-5 Hematological Analyzer was then used to 

perform a complete blood count. The table contains erythrocyte and 

platelet related parameters. The data were expressed as Mean ± S.E.M. 
a p < 0.0001, b p < 0.015, c p < 0.01, d p < 0.03, Kruskal-Wallis test with 

Bonferroni, E-Tmod+/+ versus E-Tmod-/- statistically significant.  

 

 

 

3.4.3 SEM Analysis  

 SEM analysis was performed to analyze the morphology of E-

Tmod-/-, E-Tmod+/+, and E-Tmod+/- erythrocytes (Figure 12). The overall 

morphology of E-Tmod-/- erythrocytes when compared to E-Tmod+/+ 

and E-Tmod+/- erythrocytes appeared to be mostly similar.  
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Figure 12. SEM analysis of E-Tmod+/+ (A), E-Tmod+/- (B), and E-Tmod-/- (C) 

Erythrocytes. Erythrocytes were fixed, sputter coated, and then 

analyzed using a FEI Quanta 600 ESEM in high vacuum mode. From left 

to right, photographs were taken at 2,000x, 7,000x, and 45,000x 

magnifications and bars in left, central, and right panels are 20 µm, 5 

µm, and 1 µm, respectively.  

 

3.4.4 TEM Analysis  

 

 TEM analysis was performed to examine the topology of the 

membrane skeletons of E-Tmod+/+, and E-Tmod-/- erythrocytes. For TEM 

analysis, only E-Tmod+/+ and E-Tmod-/- erythrocytes were studied. E-

A 

B 

C 
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Tmod+/- erythrocytes were not included in this study because there 

were not any significant differences found between E-Tmod+/+ and E-

Tmod+/- erythrocytes from the results of SDS-PAGE of ghost membranes, 

western blot analysis against E-Tmod, blood smears, SEM, micropipette 

aspiration,  or ektacytometry. Therefore in this part of the study, only E-

Tmod+/+ and E-Tmod-/- membrane skeletons were considered.  

 The photographic results of TEM analysis are shown in Figure 13. In 

Figure 13A and Figure 13D, there is a noticeable size difference 

between the E-Tmod+/+ and the E-Tmod-/- erythrocytes. Beyond the size 

difference between the two erythrocytes seen in the TEM micrograph, 

the E-Tmod+/+ erythrocyte membrane skeleton has an overall 

appearance of regularity. The results of TEM analysis show the E-Tmod+/+ 

erythrocyte membrane skeleton to be the regular lattice noted in 

earlier TEM micrographs of spread membrane skeletons (Byers and 

Branton 1985; Shen, Josephs et al. 1986; Liu, Derick et al. 1987). 

Conversely, the topology of the membrane skeleton (Figure 13D) of has 

irregularity in the diameters of the openings with most appearing to be 

smaller in diameter than those in the E-Tmod+/+ erythrocyte membrane 

skeleton. The variations in the diameters can be seen in the first column 

of panel in Figure 13D which shows a representative image of the 

overall topology of the membrane skeletons of an E-Tmod+/+ and a E-
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Tmod-/- erythrocyte. In the E-Tmod-/- membrane skeleton, there are 

mostly smaller openings, but then there is also a paucity of seemingly 

much larger openings scattered throughout the E-Tmod-/- network. 

When comparing between Figures 13B and 13D, the size difference 

between openings in the E-Tmod+/+ and E-Tmod-/- membrane skeleton 

was more striking. At a magnification 40,000 X (Figures 13C and 13F), 

the irregularity in the sizes of the openings in the E-Tmod-/- erythrocyte 

membrane skeleton was clearest.  

 Once the differences between the E-Tmod+/+ and E-Tmod-/- 

erythrocyte membrane skeletons were revealed on the TEM 

micrographs, a simple method to quantify the irregularity of E-Tmod-/- 

erythrocyte membrane skeleton was devised. The quantification 

method utilized densitometry via ImageJ.  Based on the fact that the 

images were collected in grayscale and that because of negative 

staining with uranyl acetate, the membrane skeleton was shown as a 

white structure against a mostly black background, densitometry was 

chosen for quantification. The basic premise was that densitometry 

could be used to track the number of openings along the densitometry 

line since in theory the distance between two peaks on the grayscale 

intensity plot would represent an opening in the membrane skeleton. To 

ensure uniformity across images, changes of 5000 gray value from a 
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local minimum to a maximum were noted and the local maximum was 

considered a peak (Figure 14). Densitometry was performed on 20 

images for each genotype (n=20). The results of the densitometry 

analysis are shown in Table 5. On average, there were 15.5 

openings/micron in the E-Tmod-/- erythrocyte membrane compared to 

just 8.6 openings/micron in the E-Tmod+/+ erythrocyte membrane 

skeleton. This data indicates that for the same amount of membrane 

length, there are almost twice as many openings in the E-Tmod-/- 

membrane skeleton than in the E-Tmod+/+ erythrocyte membrane 

skeleton.  
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Figure 13. TEM of E-Tmod+/+ and E-Tmod-/- erythrocyte membrane 

skeletons. Microgaphs of representative E-Tmod+/+ (A-C) and E-Tmod-/- 

(D-F) erythrocytes. The membrane skeleton of the E-Tmod+/+ erythrocyte 

is composed of a uniform lattice. E-Tmod-/- membrane skeleton reveal 

an irregular lattice composed of mostly smaller openings with a paucity 

of larger openings.  Images were taken at magnifications of 10,000 X 

(A,D), 15,000 X (B,E), and 40,000 X (C,F) at an accelerating voltage of 

80 kV. Scale Bars represent 500 nm, 500 nm, and 200 nm from top to 

bottom. 
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Figure 14. Illustration of TEM micrograph densitometry method. This 

illustration shows a representative example of the densitometry method 

used to find the number of openings in the erythrocyte membrane 

skeletons. Densitometry measurements of gray values over a 

membrane length of 200 nm are shown from an E-Tmod+/+ and an E-

Tmod-/- membrane skeleton. The arrows show the distance between 

two peaks which represent membrane skeleton. The numbers label the 

openings in the membrane skeleton. 
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Table 5. Results of Image J densitometric analysis of TEM micrographs. 

Results given in Mean ± SEM. (n=20)  

 

   Genotype 

Average 

Number of 

Openings/µm 

(± S.E.M.) 

E-Tmod+/+ 8.6 ± 0.69 

E-Tmod-/- 15.5 ± 0.96 

3.5 Discussion  

 

In the study, both Giemsa stained blood smears and SEM analysis 

did not reveal a significant difference between the morphologies of E-

Tmod+/+, E-Tmod+/-, and E-Tmod-/- erythrocytes. There was also no 

significant difference between the New Methylene blue stained blood 

smears indicating E-Tmod-/- mice did not have an increased number of 

reticulocytes in circulation compared to E-Tmod+/+ and E-Tmod+/- mice 

and therefore do not suffer from severe anemia.  

Blood count analysis revealed several statistically significant (p < 

0.03) differences between E-Tmod+/+ and E-Tmod-/- blood including a 

higher RBC count, higher Hct, lower MCV, higher RDW-CV, higher µRBC, 

and higher platelet count (Table 4). The higher RBC and Hct could be 

associated with cardiac pathology, dilated cardiomyopathy, that TOT 

E-Tmod-/- mice suffer from due to the overexpression of E-Tmod in the 

heart (Sussman, Baque et al. 1998). The diseased heart and the 
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resultant decreased cardiac output may have caused the increase in 

RBC and Hct in E-Tmod-/- mice. However, the increased percentage of 

µRBC and the decreased MCV cannot be explained by the heart 

disease and therefore must have been the result of factors intrinsic to E-

Tmod-/- erythrocytes such as the knocking out of E-Tmod and 

subsequent changes in the membrane skeleton and mechanical 

properties of the cells. The combination of an increase in µRBC and 

decrease in MCV indicated that E-Tmod-/- erythrocytes were on 

average smaller and had a lower surface area to volume ratio than E-

Tmod+/+ erythrocytes.   

TEM analysis revealed noted differences in the topology of the E-

Tmod-/- erythrocyte membrane skeleton compared to the E-Tmod+/+ 

membrane skeleton. The most obvious changes in the E-Tmod-/- were 

the overall diameters of the openings in the network appeared to be 

smaller and gave the network a more compacted appearance 

compared to the E-Tmod+/+ erythrocyte membrane skeleton which had 

an overall regular network with mostly larger uniform sized repeating 

units. The E-Tmod-/- membrane skeleton also had some larger openings, 

but overall most of the sizes of the openings in the network appeared 

smaller than those in the E-Tmod+/+ erythrocyte membrane skeleton. 

Densitometry analysis of TEM images of E-Tmod+/+ and E-Tmod-/- 
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erythrocyte membrane skeletons via ImageJ showed that the E-Tmod-/- 

membrane skeleton had an increase in the number of openings in the 

network per micrometer (Table 5), almost twice as many when 

compared to the  E-Tmod+/+ erythrocyte membrane skeleton. Therefore 

the results of densitometry support the finding of smaller openings and 

also point to shorter spectrin tetramers in the E-Tmod-/- erythrocyte 

membrane skeleton. Spectrin length on average in the membrane 

skeletons in Figure 13C and 13 F was 104 nm in the E-Tmod-/- erythrocyte 

compared to 151 nm in the E-Tmod+/+ membrane skeleton. Since in E-

Tmod-/- mouse, there is no genetic defect in spectrin, the changes to 

spectrin in the network must be posttranslational. Oxidation induced 

disulfide bonds may be a cause for the apparent shorter lengths of the 

spectrin tetramers in the E-Tmod-/- membrane skeleton.  

In Chapter 2, it was proposed that the absence of E-Tmod could 

allow for longer actin filaments to form in the membrane skeleton of E-

Tmod-/- erythrocytes causing irregular distribution of stress along spectrin 

tetramers during circulation, increased cation permeability, and thus 

the apparent increased oxidation of E-Tmod-/- erythrocytes. This same 

mechanical mechanism could also be the cause for the reduced 

membrane surface area and mild spherocytosis of E-Tmod-/- 

erythrocytes. If there are irregular in actin filaments in the network, the 
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stress-strain distribution across the entire membrane skeleton could be 

altered disrupting the lipid bilayer of E-Tmod-/- erythrocytes and 

subsequently there could also be a loss of membrane surface area 

leading to mild spherocytosis.  

 The compacted appearance of the E-Tmod-/- erythrocyte 

membrane skeleton could have been caused by membrane loss 

during circulation due to the presence of  irregular actin filaments 

altering the stress distribution along spectrin tetramers in the network, 

thereby disrupting the lipid bilayer during circulation. Based on this 

premise, circulating E-Tmod-/- erythrocytes could have loss membrane 

surface area but retained the original membrane skeleton components 

but subsequently spread over a lower membrane surface area, hence 

the compacted appearance of the skeleton from TEM analysis.  

 It was hypothesized that the removal of the capping protein E-

Tmod at the slow growing end of actin protofilaments would cause 

irregularity in the length of the actin filaments, thereby changing the 

number of spectrin binding sites and spectrin tetramers associated with 

each actin filament and as a result, the topology of the E-Tmod-/- 

erythrocyte membrane skeleton and the morphology of the cells. 

Results of blood smear and SEM analysis did not show that the absence 
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of E-Tmod caused a change in the morphology of E-Tmod-/- 

erythroctyes.  

Furthermore, the results of TEM analysis did not yield clear 

detailed images of skeletons to make an accurate determination of 

whether the number of spectrin associated with each protofilament 

changed or whether the lengths of the actin filaments changed. On 

the other hand, TEM results did show that the overall topology of the 

network was altered, supporting one aspect of the original hypothesis 

that knocking out E-Tmod, would change the topology of the 

erythrocyte membrane skeleton. 

Chapters 3, in part is currently being prepared for submission for 

publication of the material. Green, Terrell A.; Sung, Lanping A. The 

dissertation author was the primary investigator and author of this 

material. 
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Chapter 4: Mechanical Properties of E-Tmod-/- 

Erythrocytes 

4.1 Rationale and Specific Aim  

The deformability of the erythrocytes has been studied 

extensively. The membrane skeleton has been shown to be a regular 

hexagonal structure with the basic repeating unit being ~6 spectrin 

heterodimers radiating from a central actin protofilament of about ~37 

nm in length. It has been proposed that E-Tmod and TM 5 or 5b from a 

“molecular ruler” determining the length of the actin protofilaments. 

The protofilament is also believed to be the mechanical axis to which 

the 3 pairs of spectrin dimers are anchored. In the current study, E-Tmod 

has been knocked out in mouse erythrocytes.  It is hypothesized that 

knocking out E-Tmod will remove the capping mechanism for actin 

protofilaments in the membrane skeleton, thereby varying their lengths 

and increasing or decreasing the number of spectrin heterodimers 

wrapped around each. Either of these two changes could result in a 

less deformable membrane skeleton.  
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4.2 Experimental Design 

 

 The regularity of erythrocyte membrane skeleton is based on a 

repeating hexagonal unit of 3 pairs of spectrin dimers bound to an 

actin protofilament. The actin protofilament is capped on the slow-

growing pointed end by E-Tmod. In the current mouse model E-Tmod 

has been knocked out of erythrocytes. The absence of the actin 

capping protein, E-Tmod, may introduce instability into the actin 

protofilament, altering its length, changing the number of spectrin 

dimers associated with each, and thereby disrupting the assembly and 

topology of the membrane skeleton. 

 The erythrocyte membrane skeleton is the structural basis for the 

mechanical stability and deformability of the circulating erythrocyte 

(Figure 15). Therefore any instability or changes in the skeleton structure 

may cause changes in the mechanical properties of the erythrocyte. To 

quantify mechanical changes in E-Tmod-/- erythrocytes, two established 

methods were proposed:  micropipette aspiration and ektacytometry.  

Micropipette aspiration has been used to characterize the 

mechanical properties of erythrocytes for decades (Evans 1973; Waugh 

and Evans 1976; Chien, Sung et al. 1978; Discher, Mohandas et al. 1994; 

Artmann, Sung et al. 1997; Artmann, Kelemen et al. 1998; Wang, Yang 
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et al. 2009). More recently, micropipette aspiration has been used to 

characterize the mechanical properties of umbilical cord blood stem  

 

Figure 15. Examples of erythrocyte deformation and transformation. The 

erythrocyte shape changes when external force is applied. Erythrocytes 

also transform due to some intrinsic or extrinsic biochemical factors. 

Elasticity and rigidity are terms that describe the shape response of the 

body/cell to applied force. (Musielak 2009) 
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cell derived erythrocytes (Maggakis-Kelemen, Bork et al. 2003) and 

reconstructed erythrocytes for blood substitutes (Wang, Gao et al. 

2009). The micropipette system setup (Figure 16) consists of a set of 

interconnected reservoirs that are used to changed pressure applied 

by adjusting the height of the reservoirs and a chamber containing the 

erythrocytes suspended in saline on the stage of the scope where the 

cells are aspirated into micropipettes.  

 

Figure 16. Schematic drawing of micropipette system setup. Adapted 

from (Chien, Sung et al. 1978) and (Rand 1964). 

As the erythrocyte is aspirated into the micropipette, it resists due 

to the inherent rigidity and tension in the membrane. The elastic shear 

modulus, µ, of the erythrocyte membrane is a “modulus of rigidity” of 

the membrane and represents the elastic energy storage produced by 
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the extension of the membrane in the surface plane without change in 

the membrane area. During the micropipette experiment, erythrocytes 

are subjected to a known range of negative pressures, ΔP, and the 

resulting deformation, Dp, the length of the lip aspirated into the 

micropipette, is measured. According to Chien et al. 1978 for Dp/Rp > 1 

the elastic shear modulus µ can be determined from the relationship 

∆𝑃×𝑅𝑝

𝜇
= 𝑎

𝐷𝑝

𝑅𝑝
+  𝑏, where a is the slope of the plot of ΔP x Rp versus Dp/Rp 

and b is the y-intercept of that linear regression.  

In this research, E-Tmod+/+, E-Tmod+/-, and E-Tmod-/- erythrocytes 

were subjected to micropipette aspiration. The resulting strain Dp/Rp 

was plotted versus the induced membrane tension ΔP x Rp for all data 

sets. Since when Dp/Rp > 1, the relationship between the strain and 

membrane tension can be linearized based upon a constant area 

assumption (Chien, Sung et al. 1978), a linear regression was performed 

for the E-Tmod+/+, E-Tmod+/-, and E-Tmod-/- data set. The linear 

regression analysis was used to determine the experimental elastic 

shear modulus for each data set.  

To measure whole cell deformation of E-Tmod+/+, E-Tmod+/-, and 

E-Tmod-/- erythrocytes, ektacytometry was used. Ektacytometry was 

developed by Bessis and Mohandas (Bessis and Mohandas 1975) as an 
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in vitro model meant to measure the physiological ability of 

erythrocytes to respond and elongate when subjected to steady state 

fluid shear stress or Couette flow.  Since its development, ektacytometry 

has been widely used to study erythrocyte deformability (Bessis, 

Mohandas et al. 1980; Heath, Wyatt et al. 1981; Chasis and Mohandas 

1986) and clinically to study diseased erythrocytes (Knowles, Morrow et 

al. 1983; Yawata, Kanzaki et al. 1994; Dobbe, Streekstra et al. 2002; 

Simo, Santaolaria et al. 2007). The basic setup includes a cylindrical 

viscometer, which has two coaxial plates: a fitted plate that keeps 

stationary and a rotational plate that together produces a shear flow 

field. Erythrocytes are suspended in a high viscosity medium 

(polyvinylpirrolidon-saline or dextran-saline), loaded into the viscometer, 

and subjected to shear stress. As the suspended erythrocytes are 

sheared, they begin to elongate with their long axes oriented parallel to 

the streamline and the membrane rotates along the fluid cytoplasm 

exhibiting a tank-treading motion (Fischer, Stohrliesen et al. 1978). 

Indirect image analysis via diffractometry is used to capture the 

erythrocyte ellipsoid shape in two dimensions.  The lengths of the long 

axis (A) and short axis (B) are used to calculate the DI, an indicator of 

the degree of elongation of the cells.  



68 
 

 
 

Osmotic gradient ektacytometry, a variation of the original 

ektacytometry method, is a method in which whole cell deformability is 

determined in solutions of varied tonicity (Mohandas, Clark et al. 1980; 

Clark, Mohandas et al. 1983) and is a useful diagnostic tool for 

hemolytic anemias in the clinical setting (Johnson and Ravindranath 

1996). By varying the tonicity of the suspending solution during shearing 

of the erythrocytes, information about the water content and 

membrane surface area of the cells can be collected. An osmotic 

gradient plot or osmotic scan (Figure 17) is generated by plotting DI 

versus either the osmolality (concentration of solute per kilogram of 

solution) or osmolarity (concentration of solute per liter of solution) of 

the suspending medium.  
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Figure 17. Osmotic scan for normal erythrocytes. The deformability index 

was calculated as a function of the osmolality of the suspending 

solution. (Clark, Mohandas et al. 1983) 

Features of osmotic scans that are analyzed and used to 

characterize erythrocytes include DI maximum, which occurs near 

isotonicity, Omin, the osmolality or osmolarity at which DI reaches a 

minimum on the hypotonic side of the curve, and O’, which is the 

osmolality or osmolarity at which DI reaches half of DI maximum.   Shifts 

or changes in the shape of the osmotic scan can also indicate a 

hematological disorder. For example, Omin occurs at DI minimum on the 

hypotonic side of the curve where the cells are spherical and near lysis. 
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A right shift in Omin would mean that the tested erythrocytes reach a 

spherical shape earlier than normal and were most likely more spherical 

than normal erythrocytes to begin with. In this research, osmotic 

gradient ektacytometry was used to generate osmotic scans for E-

Tmod+/+, E-Tmod+/-, and E-Tmod-/- erythrocyte samples. The resulting 

osmotic scans were subsequently compared based on the 

aforementioned characteristics.  

4.3 Materials and Methods  

 

4.3.1 Micropipette Aspiration of E-Tmod-/- Erythrocytes 

Blood was collected from mice and all micropipette tests were 

completed within 3 hours of collection to avoid deterioration of 

erythrocytes. All experiments were performed at room temperature (23-

25 ºC) which was monitored using an electronic thermometer. Before 

testing, erythrocytes were re-suspended in a mouse isotonic Tris-

buffered saline (TBS) buffer (10 mM KCl, 143 mM NaCl, 2 mM MgCl2, 15 

mM Tris-HCL, 5 mM glucose, 2 mM inosine, 0.25% bovine serum albumin, 

pH 7.4) inside a small chamber on a glass coverslip. Micropipettes with 

an inner radius (Rp) ~0.5 µm were prepared using predetermined 

settings on a Flaming Brown Micropipette puller (Model P-87, Sutter 

Instruments Co., San Rafael, CA). Negative aspiration pressures (ΔP) 
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ranging from 2.0 – 8.5 mm of H2O was induced and maintained for 30 

secs. These negative pressures combined with the radii of the 

micropipette yielded a testing tension (ΔP x Rp) range of 0.01- 0.03 

dynes/cm. Ten cells were tested for each negative pressure applied. 

Observations of the micropipette chamber were made using an oil 

immersion lens (100 x NA 1.25) with a 15 x eyepiece. Images were taken 

using an Olympus digital camera and analyzed using Olympus 

Microsuite FIVE Imaging Software. The software was used to measure 

the length of the membrane aspirated into the micropipette. 

Micropipette aspiration was performed on E-Tmod+/+, E-Tmod+/-, and E-

Tmod-/- erythrocytes. The elastic shear modulus of the membrane, 

which measures the steady state resistance to deformation, was 

calculated using the relationship between the stress applied, ∆𝑃 × 𝑅𝑝 , 

and the strain induced, 𝐷𝑝/𝑅𝑝  (Chien, Sung et al. 1978).   

4.3.2 Ektacytometry of E-Tmod-/- Erythrocytes 

An ektacytometer (LBY-BX, Pu-Lisheng Corporation, Beijing, 

China) was used to measure erythrocyte deformability via laser 

diffraction analysis. Blood samples were collected from mice by 

submandibilar bleed from the facial vein within 4 hours of testing and 

anticoagulated using citrate phosphate dextrose (1.4:10). A suspension 

medium was prepared using 15% polyvinylpyrrolidone (PVP) (PVP-K40, 
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w/v, average molecular weight 40,000) dissolved in PBS (20 mM sodium 

phosphate, pH 7.4) in which the concentration of NaCl was adjusted to 

yield the final desired osmolality (Clark, Mohandas et al. 1983).  

The first set of tests was designed to measure the deformability of 

erythrocytes in isotonic suspension media (300 mOsm). In these tests, 

500 µl of isotonic suspension medium (300 mOsm) containing 

approximately 12%-18% hematocrit of erythrocytes was added to the 

sample cup and subjected to a series of shear stresses ranging from 

10.5-105 dynes/cm2. All tests were carried out at 37 ºC. Tests were 

performed for 3 groups of mice: E-Tmod+/+, E-Tmod+/- and E-Tmod-/-.  

For the second set of tests, osmotic gradient ektacytometry was 

performed. Blood samples from 3 groups of mice, E-Tmod+/+, E-Tmod+/- 

and E-Tmod-/- were collected, anticoagulated with citrate phosphate 

dextrose (1.4:10), and tested within 4 hours following collection. Each 

sample was tested at a shear stress of 105 dynes/cm2 over an 

osmolarity range of 70 to 430 mOsm.  

4.3.3 Statistical Analysis 

 

Statistical analysis was performed with the Analyse-it statistical 

add on for Microsoft Excel (Analyse-it Software, Ltd., United Kingdom). A 

Kruskal-Wallis test with Bonferroni comparison test was used to analyze 
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micropipette and ektacytometry results. A p value of < 0.05 was 

considered to be statistically significant. All graphs are plotted with plus 

error bars equal to SEM. 

4.4 Results 

4.4.1 Micropipette 

The deformability of single E-Tmod+/+, E-Tmod+/- and E-Tmod-/- 

erythrocytes was quantified using micropipette aspiration. Figure 18 

shows an E-Tmod+/+, E-Tmod+/- and E-Tmod-/- erythrocyte being 

aspirated into a micropipette at the same tension ∆P x Rp = 0.03 

dynes/cm.  Erythrocytes from 10 mice were tested for each genotype 

(n=10): E-Tmod+/+, E-Tmod+/- and E-Tmod-/-. Erythrocytes were aspirated 

over a testing range of ∆P x Rp = 0.01-0.03 dynes/cm (∆P ≈ 2 – 8.5 mm of 

H2O) at an increment of 0.005 dynes/cm. For every experimental ∆P x 

Rp, ten erythrocytes were aspirated.           
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Figure 18. Images of micropipette aspiration of E-Tmod+/+, E-Tmod+/-, 

and E-Tmod-/-  erythrocytes. (A) E-Tmod+/+ , (B) E-Tmod+/-, (C) and E-

Tmod-/- erythrocytes before aspiration. (D) E-Tmod+/+, (E) E-Tmod+/-, (F) 

and E-Tmod-/-  erythrocytes being aspirated into the micropipette (Rp= 

0.383 µm) at tension ∆P x Rp = 0.03 dynes/cm.  

 

 

 

 

 

 

 



75 
 

 
 



76 
 

 
 

The results are plotted in Figure 19 as the mean steady-state 

dimensionless deformation Dp/Rp versus ∆P x Rp. Figure 19 displays the 

standard method of plotting the independent experimental variable, 

∆P x Rp on the x-axis (abscissa) and the dependent variable, Dp/Rp, on 

the y-axis (ordinate). For all tested membrane tensions of ∆P x Rp over 

the range of 0.01 - 0.03 dynes/cm, E-Tmod-/- erythrocytes were less 

deformable having on average a lower Dp/Rp. These results were 

determined to be statistically significant (p < 0.01, Kruskal-Wallis test with 

Bonferroni). From these results, E-Tmod-/- erythrocytes when subjected to 

comparable membrane tension ∆P x Rp, show a smaller normalized 

deformation Dp/Rp than E-Tmod+/+ and E-Tmod+/- erythrocytes. 

 The results were re-plotted in Figure 20, but with the independent 

variable ∆P x Rp on the y-axis (ordinate) and Dp/Rp on the x-axis 

(abscissa) consistent with a traditional stress-strain plot and a linear 

regression was performed in Microsoft Excel. The linear regression was 

performed with a forced zero intercept. The zero intercept was chosen 

based on the assumption that if there is zero pressure being applied 

then there is no deformation occurring. When the data is plotted in this 

manner, the slope of the line is proportional to the to the elastic shear 

modulus, µ, for each curve. The slopes are equal to 0.005 dynes/cm or 5 

pN/µm for both E-Tmod+/+ and E-Tmod-/- erythrocytes. The slope of the 
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regression for E-Tmod-/- erythrocytes is equal to 0.007 dynes/cm or 

7pN/µm, higher than that of E-Tmod+/+ and E-Tmod-/- erythrocytes.  

 

Figure 19. Micropipette aspiration E-Tmod+/+, E-Tmod+/-, and E-Tmod-/- 

erythrocytes. Ten mice were tested for each genotype (n=10). Five 

tensions, ∆P x Rp, were tested for each experiment: 0.01, 0.015, 0.02, 

0,025, and 0.03 dynes/cm. For each experiment, 10 erythrocytes were 

tested at every ∆P x Rp. The independent variable ∆P x Rp is plotted on 

the abscissa and the dependent variable Dp/Rp is plotted on the 

ordinate. The data were expressed as Mean ± S.E.M. *p < 0.01, Kruskal-

Wallis test with Bonferroni, E-Tmod+/+ versus E-Tmod-/- statistically 

significant.  
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Figure 20. Linear regression analysis of micropipette aspiration results for 

E-Tmod+/+, E-Tmod+/-, and E-Tmod-/- erythrocytes. Ten mice were tested 

for each genotype (n=10). Five tensions, ∆P x Rp, were tested for each 

experiment: 0.01, 0.015, 0.02, 0,025, and 0.03 dynes/cm. For each 

experiment, 10 erythrocytes were tested at every ∆P x Rp. The 

independent variable membrane tension ∆P x Rp is plotted on the 

ordinate and the dependent variable dimensionless strain Dp/Rp is 

plotted on the abscissa consistent with traditional stress-strain curves. 

Linear regression was performed with zero-intercept assumption and r2 is 

displayed. The slope of the linear regression is proportional to the elastic 

shear modulus, µ. 

 

4.4.2 Ektacytometry 
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Tmod+/+, E-Tmod+/-, E-Tmod-/- (n=10 for each group). On the LBY-BX 

ektacytometer, the DI is given as the elongation index (EI). The results of 

these tests are plotted with the mean EI versus the shear stress 

(dynes/cm2) (Figure 21). The plot shows three curves; one for each 

sample group: E-Tmod+/+, E-Tmod+/-, E-Tmod-/-. The EI curves for the E-

Tmod+/+ and E-Tmod+/- erythrocyte samples are very similar yielding 

almost equal values for EI over the tested range of shear stresses. On 

the other hand, the EI curve for the E-Tmod-/- erythrocyte samples is 

shifted downward from the EI curves for the E-Tmod+/+ and E-Tmod+/- 

erythrocyte samples. For any given shear stress within the tested range, 

E-Tmod-/- erythrocytes have a lower EI when compared to E-Tmod+/+ 

and E-Tmod+/- erythrocytes.  These results showed that when subjected 

to shear stresses over the range of 21-105 dynes/cm2, E-Tmod-/- 

erythrocytes had a lower EI than E-Tmod+/+ erythrocytes. The finding 

was determined to be statistically significant (p < 0.001, Kruskal-Wallis 

test with Bonferroni). 

Another analysis parameter determined by the LBY-BX 

ektacytometer is the integrated elongated index (IEI), which is an 

overall deformability measurement assessed when shearing 

erythrocytes over a series of shear stresses.  IEI was determined for E-

Tmod+/+, E-Tmod+/-, and E-Tmod-/- erythrocytes subjected to shear stress 
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ranging from 10.5-105 dynes/cm2. The mean IEI has been graphed for 

each erythrocyte sample group (Figure 21). E-Tmod-/- erythrocytes had 

a lower mean IEI than E-Tmod+/+ and E-Tmod+/- erythrocytes tested over 

the same range of shear stresses. Results were determined to be 

statistically significant (p < 0.0001, Kruskal-Wallis test with Bonferroni).  

Osmotic gradient ektacytometry tests were also performed on E-

Tmod+/+, E-Tmod+/-, and E-Tmod-/- erythrocytes. The results were plotted 

EI versus osmolarity and constitute what is called an osmotic scan 

(Figure 23). Once again, the overall trend is similar for E-Tmod+/+ and E-

Tmod+/- erythrocytes. In contrast, the osmotic scan curve for E-Tmod-/- 

erythrocytes has a downward shift from the osmotic scan curves for E-

Tmod+/+ and E-Tmod+/- erythrocytes. More specifically, over the 

osmolarity range of approximately 160 to 380 mosm, E-Tmod-/- 

erythrocytes had lower EIs at a constant shear stress of 105 dynes/cm2 

when compared to E-Tmod+/+ and E-Tmod+/- erythrocytes. The results 

were statistically significant for the tested osmolarities of 121, 187, 205, 

225, 256, and 295 mM (p < 0.03, Kruskal-Wallis test with Bonferroni).  
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Figure 21. Ektacytometry of erythrocytes at isotonicity (300 

mOsm). In each test, 500 µl of isotonic suspension medium (300 

mOsm) containing approximately 12-18% hematocrit of 

erythrocytes was added to the sample cup of the 

ektacytometer. Each sample was then subjected to shear stress 

ranging from 10.5-105 dynes/cm2. The data were expressed as 

Mean ± S.E.M. *p < 0.001, Kruskal-Wallis test with Bonferroni, E-

Tmod+/+ versus E-Tmod-/- statistically significant. 

 

 

0

10

20

30

40

50

60

70

0 20 40 60 80 100 120

El
o

n
ga

ti
o

n
 In

d
ex

 (
 (

%
)

Shear Stress (dynes/cm2)

E-Tmod +/+, n=10

E-Tmod +/-, n=10

E-Tmod -/-, n=10



82 
 

 
 

 

 

Figure 22. Integrated elongation index at Isotonicity (300 mOsm). In 

each test, 500 µl of isotonic suspension medium (300 mOsm) containing 

approximately 12-18% hematocrit of erythrocytes was added to the 

sample cup of the ektacytometer. Each sample was then subjected to 

shear stress ranging from 10.5-105 dynes/cm2. The data were expressed 

as Mean ± S.E.M. * p < 0.0001 versus E-Tmod+/+ and E-Tmod-/-, Kruskal-

Wallis test with Bonferroni.   
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Figure 23. Osmotic scan ektacytometry of E-Tmod+/+, E-Tmod+/-, E-Tmod-

/- erythrocytes. In each test, 500 µl of suspension medium ranging from 

70-430 mOsm and containing approximately 12%-18% hematocrit of 

erythrocytes was added to the sample cup of the ektacytometer. Each 

sample was then subjected to shear stress ranging of 105 dynes/cm2. 

The data are expressed as Mean ± S.E.M. *p < 0.03 versus E-Tmod+/+ and 

E-Tmod-/-, Kruskal-Wallis test with Bonferroni.  
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methods of cell membrane experiments were used: micropipette 

aspiration and ektacytometry. 

Micropipette aspiration experiments yielded the elastic shear 

modulus of the E-Tmod-/- erythrocyte membrane. The elastic shear 

modulus of E-Tmod+/+, E-Tmod+/-, and E-Tmod-/- erythrocytes was 

determined using linear regression analysis. E-Tmod+/+ and E-Tmod+/- 

erythrocytes had an elastic shear modulus of 0.005 dynes/cm or 5 

pN/µm, whereas E-Tmod-/- erythrocytes had a higher elastic shear 

modulus of 0.007 dynes/cm or 7 pN/µm. The experimentally determined 

elastic shear moduli for all three genotypes fall within the published 

range for normal human erythrocytes of 6-9 pN/µm (Skalak and Chien 

1987).  

The elastic shear modulus or modulus of rigidity is a means to 

quantifying the stiffness of a material in response to shear strain. The 

elastic shear modulus can be more simply described as the amount of 

shear stress required to produce a unit increment of deformation. From 

these experiments, it was determined that E-Tmod-/- erythrocytes have a 

higher elastic shear modulus compared to E-Tmod+/+ and E-Tmod+/- 

erythrocytes. This finding indicates that when exposed to the same 
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shear stress, on average, E-Tmod-/- erythrocytes deformed less than E-

Tmod+/+ and E-Tmod+/- erythrocytes.  

The next set of mechanical testing for mutant E-Tmod-/- 

erythrocytes was completed using ektacytometry. Ektacytometry was 

used to subject the cells to whole cell deformation. The first set of tests 

involved subjecting the erythrocytes to variable shear stress over a 

range of 10.5-105 dynes/cm2 in isotonic suspending medium. The results 

of these tests showed that for the entire tested shear stress range, E-

Tmod-/- erythrocytes had a lower elongation or deformability index. The 

integrated elongation index data collected during these experiments 

also show that E-Tmod-/- erythrocytes had a lower average integrated 

elongation index compared to E-Tmod+/+ and E-Tmod+/- erythrocytes. 

Statistical analysis shows that the IEI elongation index for E-Tmod-/- 

erythrocytes is significantly less than that of both E-Tmod+/+ and E-

Tmod+/- erythrocyte.  

The next set of ektacytometry tests involved varying the tonicity 

of the suspending medium while subjecting the erythrocytes to 

constant shear stress. Results were plotted to create an osmotic scan 

for each genotype. The osmotic scan for E-Tmod-/- erythrocytes was 

shifted downward from the osmotic scans for E-Tmod+/+ and E-Tmod+/- 
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erythrocytes. Particularly, E-Tmod-/- erythrocytes had lower EIs at a 

constant shear stress of 105 dynes/cm2 over an osmolarity range of 

approximately 160 to 380 mOsm, when compared to E-Tmod+/+ and E-

Tmod+/- erythrocytes. Several tested shear stresses yielded statistically 

significant lower elongation indexes for E-Tmod-/- erythrocytes than 

those of E-Tmod+/+ and E-Tmod+/- erythrocytes.  

The trend of a moderate downward shift in the osmotic scan 

curve for E-Tmod-/- erythrocytes would usually suggest that these cells 

may have spherocytosis or reduced membrane surface area under 

these test conditions (Clark, Mohandas et al. 1983; Johnson and 

Ravindranath 1996). Blood count results showing increased µRBC and 

decreased MCV support the reasoning that E-Tmod-/- erythrocytes are 

less deformable than E-Tmod+/+ erythrocytes during ektacytometry due 

to mild spherocytosis and a lower membrane surface area to cell 

volume ratio.  

The lower deformability index for E-Tmod-/- could also be 

attributed to an increased elastic shear modulus found during 

micropipette experiments (Clark, Mohandas et al. 1983). In Clark et al., 

it was noted that with erythrocytes that had impaired membrane 

deformability, an increased membrane shear modulus was the cause 
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of a lower maximum elongation index during ektacytometry 

experiments. This observation is pertinent due to the fact that the higher 

elastic shear modulus, calculated from micropipette aspiration 

experiments on E-Tmod-/- erythrocytes, points to an intrinsic difference in 

the membrane skeleton as another plausible cause of the decreased 

deformability in addition to spherocytosis. Typically, the increase in 

elastic shear modulus is due to the intrinsic stiffness of the membrane 

skeletal proteins and the density of the membrane skeleton network 

(Waugh and Agre 1988). TEM analysis of E-Tmod-/- erythrocyte 

membrane skeletons revealed a denser network than that of E-Tmod+/+ 

erythrocytes. In TEM micrographs of E-Tmod-/- erythrocyte membrane 

skeletons, spectrin tetramers were shorter in length and may have been 

crosslinked by increased oxidation cause by the impaired network and 

membrane loss. This mechanism supports the claim that the 

compacted membrane skeleton could also a factor in the decreased 

deformability of E-Tmod-/- erythrocytes.  

Overall, the combined results of micropipette aspiration and 

ektacytometry support the hypotheses that knocking out E-Tmod would 

alter the mechanical properties of E-Tmod-/- erythrocytes making them 

less deformable than phenotypically normal E-Tmod+/+ and E-Tmod+/- 

erythrocytes. The finding that E-Tmod-/- were less deformable than E-
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Tmod+/+ and E-Tmod+/- erythrocytes is significant because it confirms 

that an important role of E-Tmod in the erythrocyte membrane skeleton 

is to help maintain the deformability of erythrocytes in circulation.  

Chapters 4, in part is currently being prepared for submission for 

publication of the material. Green, Terrell A.; Sung, Lanping A. The 

dissertation author was the primary investigator and author of this 

material. 
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Chapter 5: Conclusions 

5.1 Summary of Findings  

 In order to understand the role of E-Tmod in the assembly of the 

erythrocyte membrane skeleton and the mechanics of erythrocytes, an 

E-Tmod knockout mouse was created. The knockout mouse was 

rescued from embryonic lethality by breeding with TOT mice. Once 

rescued, the E-Tmod knockout mouse provided mature erythrocytes in 

which to study the role E-Tmod has in the membrane skeleton network 

topology and the deformability of erythrocytes.  

 In the absence of the full length 41-kDa isoform of E-Tmod, E-

Tmod-/- erythrocytes became microcytic. Blood count results confirmed 

that E-Tmod-/- erythrocytes had a statistically significantly lower MCV. 

The results also showed a statistically significantly higher percentage of 

E-Tmod-/- erythrocytes to be µRBCS compared to E-Tmod-/- erythrocytes. 

These findings together are evidence for a loss of membrane surface 

area and as a result, a lower surface area to volume ratio for E-Tmod-/- 

erythrocytes.  

 TEM analysis of E-Tmod-/- erythrocytes depicted a compact 

membrane network that appeared to have smaller openings 

compared to E-Tmod-/- erythrocytes. The compacted nature of the 
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membrane network could also have been caused by continued loss of 

membrane surface area and spherocytosis.  

 Mechanical analysis of E-Tmod-/- erythrocytes by micropipette 

aspiration yielded an increased membrane shear elastic modulus than 

E-Tmod+/+ erythrocytes.  Higher elastic shear modulus means it takes 

more energy to deform the membrane because it is stiffer. 

Ektacytometry analysis of E-Tmod-/- erythrocytes maintained this finding 

of increased rigidity. E-Tmod-/- erythrocytes were found to have a 

statistically lower IEI compared to E-Tmod+/+ erythrocytes and also a 

downward shift in the osmoscan curve signifying mild spherocytosis. The 

mild spherocytosis was found in the blood smear and blood count 

results support the claim that spherocytosis was the cause for 

decreased deformability of E-Tmod-/- erythrocytes.  

The findings of this research show the importance of E-Tmod to 

maintaining the integrity of the erythrocyte membrane skeleton and to 

preserving the remarkable deformability of the cells. Without E-Tmod, 

actin filaments in the membrane skeleton may vary in length causing 

irregularity in the distribution of stress across the network and leading to 

oxidation of membrane proteins, membrane loss, mild spherocytosis, 

and decreased deformability.  
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5.2 Future Work 

 

This study focused the role of E-Tmod in the capping mechanism 

of protofilaments in the erythrocyte membrane skeleton. However, the 

“molecular ruler” mechanism for metering protofilaments to ~37 nm in 

the network is proposed to involve a complex of both E-Tmod and TM. 

This study did not target TM and how it contributes to the measuring of 

the protofilaments.  

Next steps would involve studying the role TM has in the 

“molecular ruler” mechanism. TM is an -helical, rod-like protein that self 

associates long the grooves of the F-actin protofilaments, possibly 

providing stability. Each protofilament is complexed with 2 TM dimers. 

Non-muscle LMW TM is approximately 33-34 nm in length and 

protofilaments are approximately 37 nm in length. Those facts support 

the theory that TM is an important player in the determination of the 

lengths of protofilaments in the erythrocyte membrane skeleton 

network.   

Unfortunately simply knocking out TM will not provide mature 

erythrocytes to study because knocking out TM is embryonically lethal 

between E9.5-13.5 (Blanchard, Iizuka et al. 1997). An alternate 

approach will be necessary to investigate TM’s role in the erythrocyte 

membrane skeleton.  One approach would be to create TM molecules 
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of varying lengths or multiples of its known length in erythrocytes, for 

example 33 nm, 66 nm, 99 nm, etc. Then to test whether actin is able to 

form longer filaments when longer TM molecules are available.  

Another question left still not clearly answered from this study, is 

what happens to the length of actin filaments when E-Tmod is knocked 

out. TEM analysis in this study yielded information about the overall 

topology changes in the network, but not measurable differences in 

the length of actin filaments. Next steps would be to use the hypotonic 

gradient separation method which includes a step to partially 

disassociate spectrin tetramers into dimers (Shen, Josephs et al. 1986; 

Liu, Derick et al. 1987) to prepare membrane skeletons for TEM analysis. 

This method would then provide a stripped down network in which it 

would be easier to discern actin filaments and the number of spectrin 

crosslinked with each. This approach would provide another missing 

piece to explain the role of E-Tmod in the organization of the 

erythrocyte membrane skeleton.  

Yet another future direction for this work would involve using the 

information gained about changes in the topology of the E-Tmod-/- 

erythrocyte network, such as the shorter length of spectrin from possible 

crosslinking and resultantly the changes in the elastic shear modulus of 

the E-Tmod-/- erythrocytes, to then simulate the nanomechanics of the 
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network. Our laboratory has recently simulated the nanomechanics of 

multiple units of protofilaments complexed with spectrin in the normal 

erythrocyte membrane (de Oliveira, Vera et al. 2010). The most 

apparent next step would be to extend this simulation to the E-Tmod-/- 

erythrocyte to discover the effects on the nanomechanics of the 

membrane skeleton.   
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