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RESPONSES OF RED BLOOD CELL-MEMBRANE SYSTEMS: 

TEMPERATURE AND CALCIUM EFFECTS ON VOLUME, 

DEFORMABILITY, AND OSMOTIC FRAGILITY, AS STUDIED 

BY RESISTIVE PULSE SPECTROSCOPY 

GARY VINCENT RICHIERI 

ABSTRACT 

This the~is is a biophysical study at the whole-cell 

and cell-membrane l~vel, with a particular emphasis on 

effects exerted by temperature and calcium on red blood 

cells (RBC) . 

The first chapter presents an overview of the 

principal experimental tool employed, which is further 

advanced herein, resistive puls.e spectroscopy (RPS), an 

outgrowth and extension of traditional electronic particle 

counting and sizing. 

In Chapter Two a new RPS protocol is presented which 

enables obtaining cell volume and shape to a higher level 

of accuracy than was previously possible. Using this 

protocol both the quantitative shape factor and true volume 

are derived for RBC under a variety of theoretical and 

experimental conditions. 

Chapter Three examines repair processes of the RBC 

membrane which follow osmotic hemolysis. Once the cell 

ruptures, several different kinds of repair processes work 

to reestablish the normal level of integrity and 

impermeability of the membrane. 
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In Chapter Four are reported the effects of 

temperature on cell deformability, as measured by the 

previously-developed "bimodality index" and a new 

"form-shift index". Advantages and disavantages of each 

are compared for studying normal intact RBC, restored 

ghosts, and sickle cells. 

In Chapter Five the effect of temperature on osmotic 

hemolysis is reex~mined. The re~ults confirm that warmer 

temperatures induce a reduction in cell volume. They also 

re~eal, for the first time, that under certain condition~ 

the membrane can stretch, as much as 14% in surface area. 

These phenomena combine to cause a substantial reduction in 

osmotic fragility as the temperature is raised. 

The last chapter presents new results on the 

well-known protective effect of calcium on red cell 

fragility. The membran~ has a direct role in this 

protection, by interacting with calcium to alter relative 

permeabilities, and thus reduce cellular volume. 

These findings reveal several new and unexpected 

properties of the'ied c~ll membrarie. Taken together they 

also provide an enlarged view of cellular responses and 

control processes, integrating molecular and higher order 

phenomena occurring at membrane, cytoplasmic, and 

whole-cell levels. 
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PREFACE 

This dis~ertation i~ divided into individual subjects 

pertaining to the red cell membrane. In particular, the 

response of the membrane under osmotic, temperature, and 

calcium modulation is emphasized. While each chapter is a 

complete subject on its own, certain chapters rely on data 

presented in previous chapters. Chapter One presents an 

overview on resistive pulse spectroscopy (RPS), which is an 

outgrowth and extension of traditional particle counters and 

sizers. Since this technique is the primary tool of my 

research, it is essential that this chapter be read first. 

Chapter Two presents my contribution to the RPS 

technique. A new protocol is developed for the 

determination of cell volume by modeling the red cell as an 

oblate ellipsoid and considering changes in shape factor as 

the cell volume changes. Also, information on cell shape is 

found which leads to the developement of a deformabi~ity 

index based on the difference in cell shape as the cell 

traverses the orifice at the slow and fast fluid flow rate. 

In Chapter Three, the sequence of events during and 

following osmotic hemolysis is analyzed. In so doing I will 

distinguish between separate repair processes and their 

duration. 

In Chapter Four, the two RPS deformability indexes are 

compared on intact cells and restored ghosts. The 

temperature dependence of these indexes is also studied. 



The conditions under which each index accurately measures 

deformability is discussede 

xii 

In Chapter Five, the temperature effect on osmotic 

hemolysis is studied. It is well known that colder 

temperatures cause an increase in red cell fragility, and 

there are presently many theories to explain this 

phenomenon. In this chapter a solution is presented to this 

observation along with a discussion on a possible model of 

the membrane. 

The final chapter explores calcium's influence on 

osmotic hemolysis. Calcium is known to cause many changes 

to red cells, but the mechanisms involved are not well 

understood. This chapter.explores one such membrane 

phenomenon and shows how it is l'inked to other known calcium 

membrane effects. 
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(~HAPTER ONE 

A BRIEF DESCRIPTION OF 

RESISTIVE PULSE SPECTROSCOPY 

PRINCIPLES OF A PARTICLE SIZER 

Resistive pulse spectroscopy (RPS) is·an extension and 

i~provement on the basic Coulter principle of counting and 

sizing cells of high resistance as they pass through a 

small current-limiting cylindrical orifice (Figure 1-1). 

As a ~ell enters the orifice the overall electrical 

resistance increases, so that the voltage necessary to 

maintain a constant current rises. (A zero-input impedance 

amplifier detects the small current displaced by the 

passage of the nonconductive particle through the orifice. 

A current change of 1 microamp results in a 12cl mV output 

from the preamplifier.) As the cell traverses the orifice 

the voltage levels off, and then decreases as the cell 

l•aves. The ~aximum values of the individual voltage 

pulses are evaluated by a PDP 8/I computer and displayed in 

the form of a 64-channel histogram. The histograms contain 

information not only on the volume, but also on the shape, 

deformability, and fragility of cell populations. 

Furthermore, by evaluating the histograms under various 

conditions, additional information on membrane and 

cytoplasmic properties of the cell can also be obtained, as 

1 
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FIGURE 1-1: Schematic diagram of orifice with fluid stream 

lines. The red cell is drawn to scale relative 

to the 48 ~ 48 micrometer cylindrical orifice. 

Platinum electrodes on either side of the 

orifice serve as local sources of the constant 

current. 

• 



indicated below. 

Two important experimental variables of the RPS 

system, that can be manipulated, are the fluid flow rate, 

and the current through the orifice (which sets the 

magnitude of the electric field within the orifice). The 

size of the cylindrical orifice used is a nominal 48 

micrometers in diameter by 48 micrometers in length. Other 

useful properties that are varied for certain experiments 

includE;! the electrical resistivity, osmolality, 

temperature, and chemical composition of the medium. The 

basic medium used is Oulbecco's phosphate buffered saline 

(PBS) [1] (146.2 mM NaCl, 8.1 mM Na 2HP0 4 , 2.7 mM 

KCl, 1.5 mM KH 2Po4 , 0.5 mM MgC1 2 , and 0.9 mM 

cac1 2 giving a 300 mOsm solution at pH 7.3). The 

osmolality is varied by adding either solid NaCl or 

deionized water to the isotonic medium and measured with a 

Fiske model G-~2 osmometer (Fiske Associates, Inc., 

Uxbridge, Mass.). The variation in osmolality also changes 

the resistivity of the medium, which is measured with a 

Beckman model RC-16C conductivity bridge (Beckman 

Instruments, Inc., Cedar Grove, N.J.). 

Two drops of finger prick blood from a normal healthy 

adult is placed in 10 ml of isotonic PBS. After a waiting 

period of from 30 to 60 minutes, 0.2 ml of this stock 

suspension is placed in 10 ml of the test solution. This 

results in a final cell concentration on the order of 

10 5 cellsjcc. This low cell concentration is necessary 

3 



to avoid coincidence counting, that is, having more than 

one cell at a time within the sizing orificec 

FLOW RATE AS A VARIABLE 

For most measurements I generally use only one of two 

different flow rates. The "slow flow" rate is 

appro~imately 0.002 ml/sec mean volume velocity, 

corresponding to a mean linear velocity of 1.1 m/sec 

through the orifice. This corresponds to a mean transit or 

residence time of approximately 44 ps~ The main 

characteristic of thi~ flow rate is that it leads to the 

production of flat-topped individual voltage pulses, and a 

near-gaussian size distribution for red blood cells as seen 

in the histogram of Figure 1-2. 

The means by which such a distribution is converted 

into actual volume and shape information is the topic of 

Chapter Two. Typically, only the modal size of this 

distribution is used in any analysis. By computer 

manipulation of the histogram, the modal size is obtained 

in the units of channel fiumbers. The modal size of th~ 

histograms, obtained under conditions of varying flow rate, 

is seen in Figure 1-3. {These modal sizes are for the left 

peak, representing cells traversing the central portion of 

the orifice.) As seen there is a flat portion of the 

curve, in which the modal size is independent of small 

alterations in flow rate. As elaborated in Chapter Two, 

this flow-rate independent portion of the curve indicates 

4 
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SPECTRUM· 

"CELL SIZE" 

VELOCITY 
PROFILE 

FIGURE 1-2: For the RPS operated at slow flow the velocity 

profile is shown on the right [2]. The nominal 

Reynolds number for this flow rate, using the 

basic medium, is approximately 53. On the left 

is a typical slow flow spectrum produced by red 

cells in isotonic medium. 

5 
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FIGURE 1-3: The apparent size (in channels} of red cells 

versus the mean linear velocity (in ml/sec} of 

the flow rate. The typical slow- and fast-flow 

positions are indicated. 



that there are no significant deformational components 

contributing to the slow-flow size of the cell. One 

advantage of using slow flow, rather than a focussing 

device, is that the cells at slow flow remain as biconcave 

disks, while for focussing devices, the cells are deformed 

into prolate ellipsoids [3J. 

The "fast flow" rate is four times faster than the 

slow flow, that is, the. mean velocities are 4.4 m/s or 

0.008 ml/sec~ Figure 1-4 depicts the orifice velocity 

profile and a typical histogram (spectrUm) obtained at this 

flow rate. The spectrum is seen to be bimodal in shape. 

While this was originally thought to represent a true 

bimodal volume distribution irt red cells [4,5], Shank et al 

[6] discovered that the bimodality arose, in part, from the 

cells' traversing the orifice by different paths. By using 

a small pipet that could direct the cells into any 

trajectory, they found that the main (left-most) peak of 

the fast flow spectrum arose from cells passing via the 

central portion of the orifice. These cells are deformed 

into prolate ellipsoids (7]. The smaller (right-most) peak 

arises from cells traversing closer to the walls. Nearer 

to the walls the cells.not only travel more slowly (thereby 

having a longer residence time; see Chapter Two), but are 

also altered in shape and/or orientation [2,8] so as to 

produce a larger pulse (photo in Kachel [ 7] ) [ 9] • These 

two circumstances combine to give the impression of the 

existence of a sub-population of very large cells. 

7 



SPECTRUM 

"CELL SIZE 11 

VELOCITY 
PROFILE 

FIGURE 1-4: The velocity profile within the orifice under 

fast-flow conditions is shown on the right [2]. 

The nomina~ Reynolds number is approximately 

212. A typical fast-flow spectrum for normal 

red cells in isotonic medium is shown on the 

left. 

8 



DEFORMABILITY 

Quantitation of the spectal bimodality can yield 

information on deformability, since the most deformable 

cells produce the most pronounced separation of the two 

peaks. Yee [3] ·devised a mathematical index, shown in 

Figure 1-5, to accomplish this quantification. Use of a 

ratio as the definition of the index eliminates any 

dependence on the location of the curve (i.e. low or high 

channel number). Applying this index to normal red cells 

in different osmolality solutions, a maximum in the 
.. 

bimodality index near "isotonicity" is found (Figure 1-6). 

This indicates a maximum in the deformability [10], as also 

measured by others using differ~nt techniques [ll,l21. 

A second type of RPS deformability measurement is 

introduced and developed in Chapter Two, and the two types 

are compared in Chapter Four. 

ELECTRICAL VARIABLES 

The other major experimentally manipulated variable is 

the electric current. The electric relationships within 

the orifice are: 

E (volts/em) = 
I (amps) x Fmed (ohm-em) 

A (cm2 ) 
(1-1) 

where E and I are the electric field strength and current 

within the orifice, respectively~ A is the cross sectional 

9 
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{A) 

T 
{B) 

BIMODALITY INDEX 

FIGURE 1-5: The extraction from a bimodal spectrum (A} of a 

bimodality· index proceeds from the first 

derivative of the spectrum CB)o The value of 

the index is calculated using the equation at 

the bottom. 
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FIGURE 1-6: The bimodality index of normal red cells as a 

function of the osmolality of the mediume The 

maximum value of th• index occurs at 

approximately 250 mOsm, with both swollen and 

shrunken cells having a reduced indexo (Note: 

The 100 mOsm and 125 mOsm points are 

representative of admixtures of remaining 

intact cells and spherical recovered ghostse) 
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area of the orifice, and 1med is the specific 

resistivity of the medium. When cells are sized under 

successively increasing electric field strengths, the 

apparent size of the cell abruptly commences to decrease at 

a specific value of the field strength. An example is 

shown in Figure 1-7, which was performed at the slow flow 

rate. Red cells were exposed to a 130 mOsm solution and 

the apparent size of the swollen intact cell and ghost 

subpopulations are depicted as a function of the electric 

field strength. Apparent sizes are seen to be constant up 

to about 1500 volts/em, above which the intact cell and 

ghost subpop~lations yield different signals, The value of 

the electric field where the sizes first decrease is known 

as the membrane dielectric breakdown potential [13]. This 

apparent size reduction begins when the membrane starts to 

pass a significant amount of current. The overall 

resistance of the cell or ghosts is thereby reduced, and a 

smaller voltage pulse is therefore recorded. 

OSMOTIC FRAGILITY 

Another important feature of Figure 1-7 is that an 

unresolved mixed population of cells and ghosts, that are 

nearly the same size (as seen by the single size detected 

with low electric fields), can be resolved into the two 

separate subpopulations, by sizing at high field strengths. 

Measuring the percentage of cells in each peak and 

comparing these values to the steady state values of 
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FIGURE 1-7: The apparent size of· spherical cells and ghosts 

measured in a 130 mOsm solution, as a function 

of the electric field within the orifice. 

Dielectric breakdown of the membrane occurs at 

approximately 1500 volts/em. The lower curve, 

at the higher E fields, is for the ghosts. 
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hemoglobin release as determined by spectroscopic 

measurements, provides confirmati~n that the lower curve 

indeed repre~ents the ghosts of the population [14,15). It 

has been previously shown possible to measure ghost 

subpopulations with the low electric field strengths, but 

only for the early times of hemolysis (less than 60 

seconds), and not in the steady state [16]. Figure 1-7 

indicates that the two subpopulations can be separated at 

any time by use of high electric field strengths [14]. 

A comparison of results for both low and high electric 

fields and at both slow and fast flow rates is shown in 

Figure 1-8. The percentage of ghosts is determined simply 

as the integral of counts under the ghost peak divided by 

the full integral. For both the slow and fast flow 

results, at high field strengths, the same percentage of 

ghosts is measured. For simplicity and speed, the fast 

flow condition is generally used to determine the 

percentage of ghosts. 

The kinetics of the hemolytic process is often of 

interest. A time course for the development of a ghost 

subpopulation is shown in Figure 1-9. As also seen by Gear 

[15], for a medium of similar composition,- the ghost 

population does not reach a steady state until after about 

ten minutes. Therefore, in conducting fragility tests, I 

generally wait at least fifteen minutes before performing 

the experiment. 
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CYTOPLASMIC SPECIFIC RESISTIVITY 

RPS also allows us to look deeper into the cells, to 

measure the cytoplasmic resistivity. This is accomplished 

by varying the electric field strengths and using equations 

developed by Kachel (7]: 

, 
d X (2 me· 

fcell = ·. 
2 

_ (1-2) 

Here fE,cond~ is the shape and conductivity factor 

particularly applicable to experiments at high electric 

fields. It is equal to the traditional shape factor, 

evaluated at low ~ (1.2 for disks, and 1.5 for spheres), 

times the peak size at high i divided by the peak size at 

low E; 

high E peak 
f = fE X 
E,cond~ low E peak 

(A more detailed description of fE is developed in 

Chapter Two.) The quantity a 2bLb is a mathematical 

expression related to shape for the class of oblate 

(1-3) 

ellipsoids, and is equal to 0.333 for disks and 0.6667 for 

spheres [17]. 

Applying equation (1-2) to the data of Figure 1-7, and 

plotting the results in the form of 1cell versus ~' 

leads to Figure 1-10. This figure shows a leveling-off of 

the cellular specific resistivity at very high E values, 
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indicating that the membrane has become totally transparent 

to the electric field, so that the voltage pulses result 

solely from the resistivity of the cytoplasm. Therefore 

the value of fcell at the high E values can be taken as 

the cytoplasmic resistivity. Figure 1-10 also shows that 

the cytoplasmic specific resistivity of the ghosts is below 

that of the swollen cells (resulting in their smaller 

apparent size at high i). Furthermore, fghost is not 

much above the specific resistivity of the medium. At low 

E values both ghost and intact cell specific resistivity 

rise straight up with an infinite slope (evident by 

additional points off s~ale), verifying that at low ~ the 

cell membrane indeed acts as a perfect nonconducting 

material. (The values of fghost recently published 

[17] are different from those shown here. This is because 

the cytoplasmic resistivities of ghosts are dependent on 

the osmolality at which they were made. From numerous 

personal observations, it appears-that the cytoplasmic 

resistivities of ghosts are equal to the resistivity of the 

medium, plus about 40 ohm~cm. This 40 ohm-em may be due to 

either residual membrane-bound hemoglobin or it may 

represent an inherant resistive property of the membrane.) 

In a similar way Figure 1-11 shows the apparent size 

of normal cells in isotonic medium as a function of the 

electric field strength. The value of 208 ohm-em for the 

cytoplasmic resistivity is very close to the value measured 

by totally different means [18]. 
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KINETIC MEMBRANE AND CYTOPLASMIC PROCESSES 

Utilizing a combination of the experimental variables 

just described, in low osmotic pressure. suspensions, has 

given rise to the technique called dynamic osmotic 

hemolysis (DOH) [14,16,19]. The osmotic hemolysis of red 

cells is monitored continuously at fast or slow flow and at 

various electric field strengths. The kirietic changes in 

apparent size gives information on membrane repair 

processes and on the decreasing cytoplasmic resistivity 

during and following hemolysis. 

The analysis of the apparent size changes during 

hemolysis reveal~ two kinds of membrane repair processes. 

One, which is the mechanical repair (defined as both the 

return to the spherical shape, and the ability to resist 

deforming due to the increased stresses at fast flow) , 

occurs over about 4 to 5 minutes. The second, an 

electrical repair (defined as the ability to resist the 

electrical breakdown of the membrane at intermediate levels 

of the electric field strength), req~ires a longer time, 

about 10 minutes. This analysis also reveals that the 

cytoplasmic resistivity decreases during hemolysis, and can 

be explained solely by the loss of hemoglobin. A compl~te 

analysis of the membrane and cytoplasmic processes is given 

in Chapter Three. 

This concludes the short summary explanation of the 

various techniques of RPS which serve to measure many cell 
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properties that figure heavily in the chapters that follow. 

For additional in-depth explanations of the 

instrumentation, see references 3 and 16; for other aspects 

of RPS see references 3, 9, 10, 14, 16, 17, and 19 to 21. 
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A NEW TECHNIQUE TO DETERMINE VOLUME, SHAPE, 

SURFACE AREA, AND DEFORMABILITY OF RED BLOOD CELLS 

INTRODUCTION 
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The primary purpose of electronic c~ll ~counters" is 

to obtain numbers (concentrations) of ciells in suspensions. 

However~ following calibration with standard particles 

(e.g. latex or polystyrene spheres), mean or modal cell 

volumes can also be obtained. For many applications cell 

shape is ignored in cell sizing. In more sophisticated 

use, measured apparent size is corrected with a theoretical 

shape factor, calculated from an assumed, model shape 

[1,2]. This is necessary because the amount of the 

deflection of the electric field by a resistive particle is 

dependent, not only on the volume of the particle, but also 

on the shape of the particle or, more precise~y, of the 

area of the cross section of the particle normal to the 

electric field. Difficulties in evaluating cell shape have 

led to the use of red cells themselves as standards for 

sizing red cells [3]. 

Compounding the problem of volume determination is the 

standard practice of operating electronic cell sizers under 

high stress conditions with flow rates in excess of 3 

meters/sec. Such high flow rates cause deformation of red 



blood cells into elongated "ellipsoids" [1,4]. It has 

previously been shown that if the sizing is carried out at 

lower flow rates, this deformation is greatly reduced 

[5,6]. Furthermore, it has been pointed out that there is 

a shift in the apparent size of the cells between slow and 

fast flow, and that this shift is, in part, a function of 

the cellrs deformability [7]. However, this qualitative 

idea was not developed in any quantitative, theoretical, or 

experimental fashion. 

This chapter p~esents some new theoretical 

relationships linking red cell size and shape with measured 

apparent cell size, and shows how these can be usefully 

applied to determining new kinds of size-shape information 

about red cells. More specifically, a technique is 

presented for calculating absolute volume and shape 

information of cells from a single size distribution 

obtained with an electronic sizer. Unlike earlier 

approaches, volume and shape factor are determined 

simultaneously once the spherical (swollen) volume (or 

surface area) is krtown. By way of applicatiori, results are 

given for volume and shape changes for red blood cells 

studied under conditions of altered osmolality and tensile 

stress. Furthermore, the change in cell shape caused by 

increases in tensile stress is used to provide a measure of 

cell deformability. 

An important requirement for calculating the volume 

and shape factor is that the surface area of the cell 



(alternatively the cell volume when in a spherical shape) 

be known. This information is obtained by lowering the 

osmolality of the suspension, swelling the cells up to 

their spherical shape, then sizing the cells along with 

spherical calibration particles. While this chapter deals 

with human erythrocytes, for which the mean spherical 

volume is dete~mined, the technique should, in principle, 

be applicable to other cell types as well. 

EXPERIMENTAL METHODOLOGY 

Resistive Pulse Spectroscopy 

Background information on RPS is presented in Chapter 

One. The variable that is modified in this chapter is the 

fluid flow rate through the orifice. The electric field 

within the orifice is kept constant below 1.0 kV/cm in 

order to avoid membrane dielectric breakdown [see Chapter 

One] . 

As mentioned in Chapter One, the increased velocity 

gradient at fast flow induces a bimod~l distribution of 

apparent cell size caused by cells traversing the orifice 

via different paths [5]. In the fast flow condition of 

this chapter, only the cells flowing through the center of 

the orifice, i.e. those producing the major spectral peak, 

are used in any analysis. 

In order to eliminate the alteration in apparent size 

due to differences in conductivity of the medium, 

29 



calibrations were performed with 4.8, 5.9 and 7.0 pm 

diameter polystyrene spheres, at osmolalities ranging from 

100 to 500 mOsm. Cells sized in a pa~ticular medium were 

calibrated against polystyrene spheres in identical 

conductive medium. The polystyrene spheres were obtained 

from Duke Scientific (Palo Alto, Calif.) 

Sample Preparation 
. . 

The blood used throughout this chapter was fro~ the 

same normal adult individual. Two drops of blood from a 

finger prick, suspended in 10 ml of isotonic phosphate 

buffered saline (PBS) (see Chapter One for composition) 

constituted the stock suspension. To avoid transients in 

osmotic and volume properties, the cells were allowed to 

equilibrate with the solution for at least 30 minutes, at 

room temperature, before tests were performed (see Chapter 

Five for reason). For the actual RPS measurements, a 

secondary dilution was then made by adding 0.2 ml of the 

stock to 10 ml of the test solution, yielding a final cell 

concentration on the order of l0 5 .cells/ml. Variations 

in osmolalities of the test solutions were obtained by 

adding either NaCl or deionized water to 300 mOsm PBS. 

Osmolality measurements were made with a Fiske model G-62 

freezing point osmometer (Fiske Associates, Inc., Uxbridge, 

Mass.) . For all me'asurements, a minimum of four spectra 

were acquired with the mean and standard deviation of the 

modal peak being reported here. 

30 
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THEORETICAL MODEL RELATIONSHIPS 

This section deals with the mathematical relationships 

between the true volumes of particles and volumes measured 

by RPS. The simplified equation that I use to relate the 

two is: 

VOL(meas) = VOL(true) X fE (2-1) 

where fE is dafinad as the shape factor for the 

particle [8,9]. The shape factor varies from 1.5 (for a 

sphere), to 1.0 (for an infinitely thin particle) (2,10]. 

From equation (2-1) it is evident that, aside from 

instrumental calibration, for any measured volume there are 

two unknowns: the true volume, and the shape of the 

particle. Since the shape factor for all spheres is 1.5, 

the true volume for any spherical particle is immediately 

available from the measured volume. In most cases, 

however, the cell is not spherical, and both its true 

volume and shape factor are likely to be unknown. For 

undeformed erythrocytes a shape factor of approximately 

1.17 to 1.20 has been calculated, assuming an oblate 

ellipsoid and an axial ratio of between 3.6 and 4.0 to 1.0 

[11,12). This shape factor has then been used in the 

determination of native red blood cell volumes. However, 

the shape factor is quite a sensitive function of the shape 

of the cell [2,9,10], and even minor alterations in 
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osmolality or tensile stress can make the assumed values of 

1.17 to 1.20 incorrect. In particular, the fluid flow 

rates generally used in electronically sizin~ red cells are 

high enough to cause deformation and therefore a~ altered 

shape factor [1,4}-. The goal is to develop a one-to-one 

relationship between the true volume and the shape factor 

for ellipsoidal particles of any class of shapes, thereby 

~ffectively reducing equation (2-1) to an equation with 

only one unknown. 

For simplicity, and following widespread practice, I 

will model the cell as a prolate or an oblate ellipsoid of 

revolution. ThOugh in most cases this cannot be precisely 

accurate, the approximation will be shown to yield 

reasonable values of normal cell parameters, comparable to 

those in the literature. In so doing I am accepting the 

shape factor calculations of Velick and Gorin for 

ellipsoids of revolution [2]: my equations 2-5, 2-6, 2-9, 

and 2-10. I am also accepting the orientation-observations 

of others whereby both oblate (undeformed) (5] and prolate 

(deformed) [1,4] RBC are aligned with their major axis 

parallel to the electric field through the orifice. 

Prolate ellipsoid of revolution 

For the prolate ellipsoid: a is the major semiaxis, b 

and c are the minor semiaxes, a>b, and for an ellipsoid of 

revolution, b=c. 

UOLUME • 4 7T b 2 
a (2-2) 
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SHAPE FACTOR = 2 (2-9) 
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The shape factors, which on closer inspection are seen 

to be dimensionless functions of ajb only, are plotted as 

such in Figure 2-1. Figures of this kind are commonly used 

to obtain estimates of shape factors statting from assumed 

ajb ratios £1,8,9]. 

If the cell surface area (S.A.) remains constant under 

varying osmotic conditions [13-15] or small deformational 

stress [16~17], then the ratio bf the cell volume to the 

maximum cell volume (i.e. that of a sphere) can also be 

expressed solely as a function of a/b; this is illustrated 

for the case of the oblate ellipsoid, as follows: 

VOL(true) 
where r 

= ~::·f (2-11) 
VOL(true-max) 

Substituting equation (2-8) in (2-11) and multiplying both 

numerator and denominator by (l/b 3 ) gives the result: 

VOL(true) 

VOL(true-max) 

which in light of (2-4) is a function of a/b alone. 

From equation (2-1) and the shape factor of a sphere, 

I can write directly: 

VOL (meas) VOL(true) 
= X ( 2-13) 

VOL(meas-max) VOL(true-max) 

·Since both fE and VOL(true);fvoL(true-max) have 
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been shown to be functions of a/b alone, 

VOL(meas}/VOL(meas-max} must also be. Values for these 

three quantities, as a function of a/b for both prolate and 

oblate ellipsoids, are tabulated in Tables 2-I and 2~II, 

and are plotted in various pairwise combinations in Figures 

2-2 and 2-3. 

From Figure 2-2, taken together with Figure 2-1, it is 

evident that, near the spherical shape, fE is a 

sensitive function of ajb, for both prolate and oblate 

ellipsoids. Furthermore the oblate curve always lies above 

the prolate curve, so for two particles of identical 

surface area and volume - one oblate and the other prolate 

- the oblate particle would always appear larger in an 

RPS-type sizing experiment. 

Figure 2-3 represents the primary operational figure 

for the present theoretical analysis: it directly relates 

apparent volumes of cells measured in an electronic 

particle sizer to their true volume. In the following 

sections I will determine the values of the parameters for 

red blood cells, using Figures 2-3, 2-2, and 2-1, and 

compare these values with those reported in the literature. 

• 
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T i~ .. BLE Z-1 

THEORETICAL VOLUME AND SHAPE PARAMETERS FOR 
"PROLATE ELLIPSOIDS OF CONSTANT SURFACE AREA. 

* a:b 

1:1 

1.25:1 

1. 5:1 

1.75:1 

2:1 

2.5:1 

3:1 

4:1 

5:1 

7:1 

a = major 
b = minor 

VOL(true) SHAPE VOL(meas) 
ECCENTRICITY VOL(true-max) FACTOR VOL(meas-max) 

0 1 1.5 1 

0.600 0.987 1.381 0.907 

0.745 0.961 1. 304 0.833 

0.821 0.930 1. 250 0.773 

0.865 0.895 1.210 0.722 

0.917 0.832 1.156 0.641 

0.943 0.780 1.122 0.583 

0.968 0.;690 1.086 0.499 

0.980 0.625 1.059 0.440 

0.990 0.565 1. 033 0.373 

semi axis 
semi axis 
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* a 
b 

TABLE Z-11 

THEORETICAL VOLUME AND SHAPE PARAMETERS FOR 
OBLATE ELLIPSOIDS OF CONSTANT SURFACE AREA. 

* a:b 

1: 1 . 

1.2:1 

1. 5:1 

1.8:1 

2:1 

2.5:1 

3:1 

4:1 

5:1 

7:1 

= major 
= minor 

VOL(true) SHAPE VOL(meas) 
ECCENTRICITY VOL(true-max) FACTOR VOL(meas-max) 

0 1 1.5 1 

0.553 0.991 1.446 0.955 

0.745 0.955 1.383 0.880 

0.830 0. 9.08 1.335 0.808 

0.865 0.873 1. 309 0.761 

0.917 0.787 1.260 0.661 

0.943 0.712 1.223 0.579 

0.968 0.585 1.174 0.458 

0.980 0.495 1.142 0.377 

0.990 0.373 1.100 0.272 

semi axis 
semi axis 
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revolution having constant surface area. 
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APPLICATION TO NORMAL RED BLOOD CELLS 

Measuring Maximum Spherical Volume 

In order to obtain values for the volumes and shape 

factors for. erythrocytes, using the above theoretical 

methods, the spherical volume (and associated su~face area) 

of the red blood cells must first be determined. Red cells 

are exposed to a range of low osmotic pressure PBS 

solutions, from 125 to 150 mOsm, and then sized at slow 

flow. A constant modal spectral size is found from 135 to 

145 mosm, indicating that spherical volume has been 

achieved by 145 mOsm. This modal size is the value of 

VOL(meas-max), which for the present blood sample is 58.30 

+ 0.1 channels. From this value, VOL(true-max) is 

calculated in p3 from the relationship: 

VOL(true-max) = VOL(meas-max) X k (2-14) 

The conversion factor k, in p3/channel, is valid 

for any spherical particle; it is obtained from the 

experimental measurements of peak volumes (in channels) for 

spherical calibration particles, whose volumes are also 

k 
. 3 nown 1n JJ , and has the value: k = 2.40 

)J
3/channel. Using this value of k, and equation 

(2-14), VOL(true-max) is calculated to be 140 p3 • In 

addition, from the geometrical relationship for a sphere: 

'/J ~ S.A. = (36tr) v , the surface area is calculated to be 130 



p 2 • These spherical volume and surface area values are 

in good agreement with values reported by others [18,19]. 

Isotonic Undeformed Red Cell Parameters 

Normal red blood cells in isotonic PBS were measured, 

via RPS, with the slow flow rate and at 25°C. The 

spectral peaks were found to be 29.32 ± 0.1 channels. 

Therefore VOL(meas)/VOL(meas-max) = 29.32/58.3 = 0.502. 

From this number and Figure 2-3, the two extreme 

values of VOL(true)/VOL(true-max) are determined: 

VOL(true) = 0.630 + 0.007 for the oblate, 
VOL (true-max) 
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= 0.700 + 0.007 for the prolate ellipsoid. 

Multiplying each of these numbers by the maximum true 

volume (140 p 3 ) yields the two "candidate" true volumes 

of the cell. Figure 2-2 is then used to obtain the 

corresponding shape factors, and Figure 2-1 used to obtain 

the axial ratios. Finally, these ratios are used with 

equations (2-2) and (2-7) to calculate the values of the 

individual semiaxes. The results, including the previously 

calculated surface area, are as follows: 

OBLATE: VOL(true) = 88.2 ± 1.0 p3 ; shape factor= 1.19; 

a/b = 3.61; a = 4.24 p; b = 1.17 Jli 

surface area = 130 p2 . 

• 



PROLATE: VOL(true) = 98.0 ~ 1.0 p 3 ; shape factor= 1.09; 

a/b = 3.75; a= 6.90 p; b = 1.84 p; 

surface area = 130 p 2 • 

The isotonic true volume calculated from the oblate 

model is essentially identical with the generally accepted 

value of 87 p3 with a normal range of from 82 to 94 

p3 [20,21], while the volume calculated using the 

prolate model (98.0 p 3 ) is too large. The oblate shape 

factor of 1.19 is also very close to that reported for 
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native red blood cells flO,ll}. Therefore at the slow flow 

rate (1.1 m/s) the cells do, in fact, traverse the orifice 

in an undeformed fashion (i.e. as nor~al biconcave disks); 

and the oblate approximation is a quite adequate one to 

determine their volume, shape factor, and axial ratio. 

Osmotic Volume Changes 

I will now use (and test) the premise that over the 

entire range of accessible osmotic-pressure-induced 

size-shape transformations (not just at isotonicity) 

undeformed red cells can be approximated by oblate 

ellipsoids of revolution. This means that their measured 

volumes lie along the upper curve of Figure 2-3. I proceed 

by sizing the cells at.slow flow, in osmolalities ranging 

from 140 to 500 mOsm. Once the cells are sized, and the 

relative measured volumes obtained (by dividing by the 

VOL(meas-max)), the corresponding relative true volumes are 



read from Figure 2-3~ Using VOL(true-max) = 140 p3 , I 

convert the relative true volumes to the actual true 

volumes over this range of osmolalities. The results are 

tabulated in Table 2-III: the relative measured volumes in 

column 4, and the true volumes, which are found to lie 

within the range of 69.0 to 140 p 3 , in column 2. 

When these true volumes are plotted versus inverse 

osmolality, they are found to fall on a straight line with 

a Ponder~R value of 0.73 + 0.06 (Figure 2-4) 1 ~ This 
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straight-line result and particular R value have both 

theoretical and experimental validity, as shown by the data 

tabulated by Ponder [21]. I take this agreement with 

theory and previous experiment as additional validation of 

the use of the oblate ellipsoid as a model of the red blood 

cell shape in low tensile stress, and of the assumption 

that the slow flow mode leaves the cell effectively 

undeformed. 

Flow Deformation 

For "fast flow" the maximum velocity difference that 

is seen by the cell is 4.4 m/s. This is riot a difference 

of the kind that gives rise to the usual shear gradient; 

rather, it represents an acceleration which occurs prior to 

the orifice and which provides the force that aligns the 

1. Ponder analyzed data of this nature with the equation: 
V = RW (1/~ - 1) + V , where~ is the relative tonicity 
(mOsm/300), W is th3°volume of the cell occupied by water at 
isotonicity (62.5 p ) , and V

0 
is the isotonic volume [21]. 



T .A.BLE Z-111 

EXPERIMENTAL VOLUME PARAMETERS FOR RED BLOODCELLS 
AND POLYSTYRENE SPHERES, AT DIFFERENT OSMOLALITIES 

AND FLOW RATE. (AVERAGE OF FOUR EXPERIMENTS) 

VOL(meas) RATIO VOL (meas) 
VOL(meas-max) 

* OSMOLALITY voL<tsue) 
FAST FLOW 
SLOW FLOW 

(±0.006) 
SLOW FLOW 

(±0.007) 
FAST FLOW 

(±0.013) (± lp ) 

RED BLOOD CELLS: 

140 140.0 0.765 1.000 0.971 

175 126.0 0.724 0.798 0. 733 

200 113.7 0.716 0.686 0.623 

250 96.6 0.709 0.558 0.502 

300 88.2 0.699 0.502 0.445 

350 82.5 0.708 0.472 0.424 

400 76.8 0.753 0.430 0.411 

450 73.2 0.751 0.403 0.384 

500 69.1 0.763 0.380 0.368 

POLYSTYRENE SPHERES: 

300 179.6 0.788 1. 000 1. 000 

* Measured at slow flow and assuming an oblate 
ellipsoidal shape (see text) 
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FIGURE 2-4: The calculated true volume of red blood cells 

sized experimentally at the slow flow rate and 

using the oblate shape assumption, as a 

function of inverse osmolality. 
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cell so that the major axis is parallel to the flow f22]. 

There are no shear gradients in the central portion of the 

orifice, which is the locus of cells giving rise to the 

principal mode, in the volume distribution. Thus, all 

shape changes would have to result from the cells' 

acceleration prior to their entering the orifice (tensile 

deformation)- From direct photographic observations, the 

stresses induced by the fast flow rate are sufficient to 

greatly deform/elongate normal red cells (Thorn et al [4], 

and Kachel [1]). Our "slow flow" condition exerts about 

four-fold less stress; direct photography of cells in an 

orifice at our slow flow rate verifies that they retain 

their biconcave form under this lower degree of stress [5]. 

Equally important is the fact mentioned in Chapter One, 

that at the slow flow rate the pea~ channel is invariant to 

small alterations in flow, indicating that there is no 

deformational component contributing to the measured size 

of the cell. However, above about 0.0025 ml/sec, the 

deformation does come into play and the increasing flow 

rate does lead to a reduction in the apparent (measured) 

cell size (see Figure 1-3). 

There are two reasons why the apparent cell size is 

reduced at a faster flow rate: 1) a residence time of 10 ps 

in the orifice is too short for the orifice-transducer to 

fully respond [5,7] (i.e. flat-topped pulses are not 

produced); and 2) the stresses on the cell cause it to 

change its shape from oblate towards prolate; (as already 



mentioned, a prolate ellipsoid will theoretically appear 

electrically smaller than an oblate ellipsoid of equal 

volume). The first or "residence time" effect applies 

equally to all particles, whereas the second will affect 

only those cells that are able to undergo a shape change. 

In order to decouple the effects of deformability and 

residence time at the fast flow rate, undeformable control 

particles must be used. For present purposes rigid 

polystyren~ spheres were used, but alternatively fixed red 

cells, ox even critically swollen native cells could have 

been used. Since none of these rigid particles change 

shape during the measurement process, their reduction in 

apparent size will be a direct measure of the residence 

time effect. 
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To determine flow-induced deformability, I start from 

measurements on flow-induced apparent size changes for 

deformable cells. The values of VOL(meas) at fast flow 

divided by VOL(meas) at slow flow for red blood cells at 

the same osmotic pressure over a range of tonicities, as 

well as fot rigid polystyrene spheres at isotonicity, are 

tabulated in column 3 of Table 2-III. For the rigid 

spheres, when the flow rate is increased from slow to fast, 

there is a 21% drop in apparent size -- the residence time 

effect. However, for red cells under a comparable increase 

in flow rate, the measured volumes are reduced by more than 

21%: VOL(meas) fast flow to slow flow ratios ranging from 

0.699 to 0.765. Since the cell's true volume and surface 
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area do not change as it traverses the orifice at the 

increased flow rate, this increased reduction in apparent 

size can only be a reflection of changes in red cell shape. 

In arriving at this conclusion, I also considered the 

possibility that the sensing process itself might cause a 

change in the true volume of the cells. However, l) 

mechano-osmotic size reduction from the present stress 

fields can be considered negligible [8]; and 2) 

electrically-induced size reduction, through dielectric 

breakdown, is also negligible at the low sensing field 

strengths used here (23-25]. 

To eliminate the residence-time effect from relative 

measured volumes, the VOL(meas-max) that is obtained at 

slow flow is first converted to the VOL(meas-max) 

applicable at fast flow, using the relationship: 

VOL(meas-max) {fast} = VOL(meas-max){slow} X 0.788 (2-15) 

(The constant 0.788 corresponds to the 21% reduction in 

apparent size for rigid particles when changing from slow 

to fast flow, as measured with polystyrene spheres (Table 

2-III) .) Using the VOL(meas-max) {fast} obtained from 

equation (2-15), I then calculate the ratio 

VOL (meas) {fast}jvoL (meas-max) {fast} from the 

VOL(meas){fast} data for each osmolality. The resulting 

values, tabulated in column 5 of Table 2-III, having now 

been corrected for the residence-time effect, enable a 
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direct measure of flow-induced deformation. 

An earlier conclusion was that the measured-volume 

data for the non-deformed red cells lie along the upper 

(oblate) curve of Figure 2-3. In Figure 2-5, the dashed

enclosed portion of Figure 2-3, along with the slow-flow 

experimental points (circles) are plotted in expanded form. 

In view of the constant true volume character of the 

flow-induced apparent size reduction, each fast-flow point 

must lie directly below its corresponding slow-flow point~ 

These fast-flow data, from column 5 of Table 2-III, are 

also plotted in Figure 2-5, as squares connected by a 

dashed line. The altered measured volumes, resulting from 

shape transformations, approach the lower (prolate) line 

most closely for osmolalities between 250-350 mOsm. It is 

for the cells in this region that the shape has changed the 

most, i.e. these cells have been most deformed by the flow. 

In order to derive a more quantitative measure of 

deformability from the results shown in Figure 2-5, the 

data are recalculated as the relative changes in form 

factor induced by fast flow (as l6fEI/fE {slow}). 

This quantity is easily evaluated from the volume data 

(column 4 and 5, Table 2-III), by applying equation (2-13) 

to both slow and fast flow results, and recalling that true 

volumes are independent of flow rate. Thus: 



FIGURE 2-5 (next page): The flow-rate-induced reduction in 

measured red cell volume, occurring at constant 

true volume, for different osmolalities. The 

upper and lower solid lines are the theoretical 

results for oblate and prolate models, 

respectively (dashed portion of Figure 2-3). 

The circles represent slow flow measurements 

(1~1 m/s) plotted along the oblate curve, while 

the squares are the corresponding fast flow 

points (4.4 m/s) and fall close to the prolate 

curve. 
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= (2-16) 

fE{slowl 

The values l·6fEI/fE{slow} X 100 are plotted vs. 

osmolality in Figure 2-6. The latger the value, the larger 

the induced change irt shape factor (cell shape)~ Figure 

2-6 shows clearly that the alteration in cell shape rises 

from its values at both lower and higher osmolalities to a. 

maximum value, which occurs between 275 and 325 mOsm. 

Since these changes in relative f6rm factor require the 

cell to be deformable, it is not surprising that the 

largest values occur for osmolalities where the cell has 

the largest deformability [26-29}. 

The structure of the curve in Figure 2-6 does not 

permit a precise determination of the position of the 

maximum. However, its position is consistent with the 

proposal concerning the significance of isotonicity, based 

on results using the RPS "bimodality index" of 

deformability, which shows a sharper maximum (see Figure 

1-6 in Chapter One). This proposal was that isotonicity 

may have been the condition sought by nature to facilitate 

blood flow through the microcirculation by maximizing the 

deformability of the red cell [26,27]. At lower 
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FIGURE 2-6: "Form-shift" deformability (i.e. flow-rate-

induced change in relative form factor) as a 
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osmolalities, when the cell is swollen, the loss of 

deformability can be explained primarily on the geometrical 

grounds of increasing sphericity. At higher osmolalities 

where the cell becomes dehydrated, the greatly increased 

internal viscosity also leads to a reduced deformability~ 

SUMMARY 

Presented here is a new application of resistive pulse 

spectroscopy, permitting direct determination of cell shape 

factor and axial ratio as we11 as size, for red blood cells 

or similar particles. The results indicate that at flow 

rates below about 1.1 m/s, whereby the red blood cell 

traverses the orifice as an undeformed disc, for purposes 

of electrical analysis it can be well approximated by an 

oblate ellipsoid of revolution. From measurements of the 

change in cell form induced by faster flow rates, a new 

quantitative scale applicable to cell deformability is 

obtained. Application of these techniques to red cells at 

different osmotic pressures yields a deformability curve 

generally similar to those found by others - displaying a 

maximum in the region surrounding isotonicity. 
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CHAPTER THREE 

MEMBRANE REPAIR PROCESSES; AS REVEALED BY 

DYNAMIC OSMOTIC HEMOLYSIS 

INTRODUCTION 

As mentioned in Chapter One, the technique called 

Dynamic Osmotic Hemolysis (DOH) utilizes a combination of 

experimental variables in low osmotic pr,essure suspensions 

[1-3]. In DOH the osmotic hemolysis of red cells is 

monitored very rapidly and continuously, at different flow 

rates and electric field strengths. 
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In this chapter a systematic analysis of the apparent 

cell size during and after hemolysis is performed. New 

information on actual volume changes during hemolysis is 

found, along with measurements on the mechanical and 

electrical recovery kinetics of the membrane. The 

mechanical recovery is defined as both the return to the 

spherical shape, and the ability to resist deforming d~e to 

the increased stresses at fast flow. The electrical 

recovery is defined as the membrane's ability to resist 

electrical breakdown at intermediate levels of the electric 

field strength. 



61 

MATERIALS AND METHODS 

Two drops of blood from a normal healthy adult are 

placed in 10 ml of 300 mOsm PBS. After 30 minutes, 0.1 ml 

of this stock suspension is placed in 10 ml of the test 

solution. The final cell concentration is on the order of 

10 5 cells/ml. For the experiments described in this 

chapter, the test solution is 110 mOsm PBS. Immediately 

after the cells are put into this medium, the suspension is 

measured with the resistive pulse spectroscopy system. 

The RPS apparatus is described in Chapter One. The 

procedure used in this chapter is simply the continuous 

measurement of the apparent size of the hemolyzing cells in 

the 110 mOsm suspension. The kinetic measurements are made 

at both slow {1.1 m/s} and fast (4.4 m/s} flow rates, and 

at electric field strengths from 0.2 to 6.3 kV/cm. 

The rate of hemoglobin release from the cells is 

measured by the absorbance of 540 nm light. Cells are 

exposed to 110 mOsm PBS for various lengths of time, and 

then the hemolysis is stopped by the immediate addition of 

an equal volume of 500 mOsm PBS to the suspensions in order 

to raise the osmolality to 300 mOsm. The cell suspensions 

are spun down, and each supernatant is tested for the 

absorbance of 540 nm light with a Bausch and Lomb 

Spectronic 20 spectrometer. An equal amount of cells 

exposed to distilled water is used as the absorption 

calibration for 100% hemolysis. 



62 

RESULTS 

Figure 3-1 shows the apparent size of the nascent 

ghosts measured in 110 mOsm, at slow flow, and at different 

electric field strengths. At electric field strengths of 

0.2 to 0.8 kV/cm, the nascent ghosts all had the same 

apparent-size kinetics, and are thus represented by a 

single curve in Figure 3-1. Overlaid upon the high 

electric field data (X's) of this figure is the absorption 

data (actUally the transmittance of 540 nm light} obt~ined 

with the same osmotic pressure solutions, represented by 

circles (0}. 

Figure 3-2 is similar to Figure 3-1, except here the 

fast-flow-rate data is shown. Note that the time scale for 

the fast flow goes to 10 minutes, while the slow flow just 

goes to 3 minutes. 

• 
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FIGURE 3-1: Kinetics of apparent size change of nasent 

ghosts measured during dynamic osmotic 

hemolysis (DOH) of cells exposed to a 110 mOsm 

solution, at slow flow. The scale at the right 

represents the transmittance of 540 nm light 

through the supernatant obtained from the 

hemolysate. These spectroscopic values (0) are 

seen to plot exactly on the apparent size curve 

measured at the highest field strength. 
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DISCUSSION 

Membrane ~echanical recovery 

One of the interesting aspects of DOH is the ability 

to measure the mechanical recovery of the membrane. This 

mechanical recovery has two features, one of which is 

simply the measured increase in apparent size of the ghosts 

towards their steady state values. This is determined at 

the low electric field strengths at slow flow. From Figure 

3-1, it is seen that a minimum apparent size in channels 

(64/74.3 or a 13.9% decrease) occurs from 10 to 30 seconds 

post exposure, and that the apparent size reaches the 

steady state value at approximately lw5 minutes (tabulated 

in Table 3-I). 

From calculations that were presented in Chapter Two, 

this 13.9% decrease in apparent size is seen to represent a 

drop in true volume of approximately 6%. The remainder of 

this decrease in apparent size, and actually the majority 

of the drop, is caused by the change in shape away from a 

perfect sphere to a shape modeled as an oblate ellipsoid. 

This calculation comes from Figure 2-1, which shows shape 

factor versus relative true volume. Since shape factor is 

multiplied with the true volume to obtain the measured 

volume, a 13~9% drop in measured volume comes from a 

combination of a shape factor and true volume decrease. In 

the steady state, the ghosts are spherical and have a shape 

factor of 1.5 and a relative true volume of 1. By 



TABLE 3-1 

APPARENT SIZES, IN CHANNELS, AND THEIR CHANGES 
AT THE LOW ELECTRIC FIELD VALUE FROM 30 SECONDS 
TO THE STEADY STATE, AT BOTH SLOW AND FAST FLOW. 

30 SEC. 

SLOW FLOW 64.0 

FAST FLOW 41.7 

STEADY 
STATE 

74.3 

54.0 

RATIO 

0.861 -13.9 

0.772 -22.8 
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following the oblate curve of Figure 2-1, I find that a 

relative true Volume decrease of about 6%, corresponding to 

a shape factor change to 1.365, will result in a 13.9% 

decrease in me~sured volume. 

At fast flow this response is more extreme. There is 

still only a 6% drop in true volume, but this higher flow 

rate causes a much larger change in shape, modeled in 

Chapter Two as a prolate ellipsoid. Thus the overall 

apparent size decrease in Figure 3-2 and Table 3-I is much 

larger, a {41.7/54) or 22.8% drop. By referring to Figure 

2-1, but following the prolate curve, this 22-8% drop in 

apparent size can be explained. A 6% drop in true volume 

reduces the prolate shape factor to 1.265, together 

resulting in a calculated 20.9% drop in apparent size, 

which.is, within experimental error, identical to the 22.8% 

drop that was actually measured. (This "drop" in apparent 

size is measured from the lowest point in the curve to the 

steady state, assuming that at the very earliest time these 

cells are swollen to spheres but too quickly for the RPS 

system to measure it.) 

The second feature of mechanical recovery is its 

dynamics. These are determined by comparing the times of 

recovery back to the spherical shape, for both slow and 

fast flow rate experiments, at the low electric field 

strengths. For slow flow the time is about 1.5 minutes, 

while at fast flow it is about 4 to 4.5 minutes (Figures3-l 

and 3-2). That is, between 1.5 and 4.5 minutes past 
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exposure, the ghosts examined under low stress conditions 

appeared to have recovered mechanically. However, the 

higher stress results show that full mechanical recovery is 

still incomplete, and does not occur until at least 4.5 

minutes. 

Electrical recovery 

Another kind of membrane recovery process can also be 

determined from the behavior of nascent ghosts during DOH 

experiments. This is generally accomplished by comparing 

sizing kinetics measured at low ~ (0.2-0.8 kV/cm) with 

those for high~ (1.~ kV/cm), both measured at the fast 

flow rate (Figure 3-2). A field strength of 1.6 kV/cm is 

just above the membrane breakdown potential, which leads to 

a slightly smaller (7.4%) ghost apparent size measured at 

the steady state (Table 3-II). At earlier times, i.e. from 

less than one minute to ten minutes, this effect is 

exaggerated, the ghosts appear much smaller at 1.6 kV/cm as 

compared to the lower-! size value. Thus at the minimum 

point in the curve (at 30 seconds) ~he high ~ value is 

27.8% smaller, nearly four times the steady state decrease 

(Table 3-II) . 

The interpretation of these results hinges on the fact 

that in recovering its high electrical resistivity, the 

membrane follows a different time course from that for its 

mechanical recovery. This different time course can be 

seen directly from Figure 3-2, where the low-electric-



TABLE 3-11 

APPARENT SIZE COMPARISON, IN CHANNELS, BETWEEN 
LOW AND HIGH E VALUES, FOR BOTH THE SLOW AND 
FAST FLOW RATES, AT THE 30 SECOND AND STEADY 

STATE POINTS. 

HIGH LOW 
E E RATIO 6% 

(I. 6 kV/cm) (0.8 kV/cm) 

SLOW 69.0 73.5 0.939 -6.1 
FLOW 

STEADY 
STATE 

FAST 50.0 54.0 0.926 -7.4 
FLOW 

SLOW 54.2 64.0 0.847 -15.3 
FLOW 

30 
SECONDS 

FAST 30.1 41.7 0.722 -27.8 
FLOW 
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field-strength curve (reflecting mechanical recovery) 

reaches a steady state in about 4 to 4.5 minutes, while the 

hiaher-~ curve requires more than 10 minutes to reach ita 

steady state. 

Verification of the fact that the electrical recovery 

process is nearly completed by 10 minutes is found in the 

slow flow curve of Figure 3-1. The decrease in apparent 

size from low to high E values~ at the steady state, is 

6.1%, nearly the same value as that for the fast flow 

result of Figure 3-2 (~able 3-II). Put sliahtly 

differently, by ten minutes time, flow-induced stresses are 

no longer influencing the way in which a higher electric 

field causes a decreased membrane electrical resistivity. 

At earlier times, about 30 seconds post exposure, this 

is not the case, that is, there are flow-rate-induced 

effects on membrane electrical permeabilities. The 

d~crease in apparent size when measured at high as compared 

to low E values, at slow flow, at this early time, is only 

15.3% (Table 3-II) . At fast flow this decrease is much 

larger - 27~8~. The re~son for the difference is unkriown, 

but I have already hinted at a possible explanation above. 

The larger mechanical stresses induced by fast flow, acting 

on the "recently wounded" membrane of the early-nascent 

ghost, could quite reasonable enlarge the current~ 

conductive passages of the membrane. Another possible 

contribution to this explanation would be that 30-second 

ghosts, more elongated by the fast flow, "see" a larger 
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voltage drop from end to end f4-6], thus tend to pass more 

current. In any case, as the membrane recovers over time, 

thereby increasing its conductance · (a mechano- electrical 

effect), it first recovers mechanically, then electrically. 

Thus I can say that these two types of membrane recovery 

processes are separate and distinct. 

Cytoplasmic related dynamic processes 

As mentioned in Chapt~r One, very high ~ fields (6.3 

kV/cm) render the membrane completely transparent, and thus 

"see" only the cell cytoplasm. This assertion finds 

confirmation in the comparison of the spectroscopically 

obtained values of the optical absorbance at 540 nm (a 

hemoglobin absorption band), during hemolysis, with the 

slow flow data obtained during a DOH experiment performed 

at a very high electric field strength (Figure 3-l). Since 

the kinetic changes in the transmittance of 540 nm light 

and the apparent size at very high electric field form a 

perfect single line, I can conclude that this high-i 

kinetic technique actually measures and follows exactly the 

declininq resistance of the cytoplasm as the hemoglobin 

leaves the.cell. 

From just the transmittance data~ it is not possible 

to determine the average time of each cellular hemolytic 

event. Either the actual hemolytic events are very quick 

(on the order of a few seconds) , but there is a larqe 

variation as to when each cell begins to hemolyze; or the 



hemoglobin takes about 40 seconds to leave each cell, and 

all the cells hemolyze at approximately the same time. 

Both possibilities would give the same transmittance 

information, but the RPS data would be very different. 
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If cells were hemolyzing very quickly, yet different 

cells start hemolyzing at different times, then the kinetic 

high-E RPS data would show two distinct populations, one of 

ghosts at a· low channel number, and the other of intact red 

cells at a higher channel number. Over time the relative 

amount in each pop~lation would thange, but th~ channel 

number of the two populations would not. 

The RPS data of the other possibility, hemolysis 

taking a long time to occur, would show one large 

population initially at a high channel number, representing 

intact cells, and over time moving towards smaller channel 

numbers, indicating a reduction in the amount of hemoglobin 

in the cell. Therefore, it is evident from my data (Figure 

3-1) that hemolysis, in this hypotonic medium, is not 

instantaneous, but that it takes a considerable amount of 

time for all the hemoglobin to leave the cell. 

• 



• 

• 

SUMMARY · 

The sequence of events c~lled hemolysis is listed 

below: 

l) When.cells are placed in a strongly hypotonic 

medium, they swell rapidly to spheres and begin to 

hemolyze. 

2) While the cell is losing hemoglobin, the cellular 

volume decreases by approximately 6%, along with a 

subsequent reduction in shape factor •. As measured with 

slow flow, which doesn't itself alter cell shape, this 

shape factor is reduced from 1.5 to 1.365. The fast flow 

rate, which does disturb the shape towards a prolate 

ellipsoid, reduces the shape factor from 1.365 to 1.265. 

3) The hemolysis, for the cell population in this 110 

mOsm medium, is over in about one minute, measured either 

by the absorbance of 540 nm light, or with the high 

electric field strength technique. 

4) The ghosts regain their spherical shape, by 

swelling, in about 1.5 minutes. The ghosts are still not 

fully recovered mechanically, however, since the fast flow 

rate is still able to deform the ghosts. Full mechanical 

recovery is not complete until about 4 to 4.5 minutes. 

5) An electrical recovery of membrane electrical 

impermeability, which is distinct from the mechanical 

recovery, takes up to 10 minutes, as determined by fast 

flow and low-to-intermediate electrical field strengths. 
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CHAPTER FOUR 

TEMPERATURE DEPENDENCE OF DEFORMABILITY, 

FOR INTACT RBC AND RESTORED GHOSTS, 

MEASURED WITH BIMODALITY AND FORM-SHIFT INDEXES 

INTRODUCTION 

There are now two independen~ methods for determining 

cellular deformability with the resistive pulse 

spectroscopy system. The bimodality index is the original 

measurement of deformability. It was developed by J. Yee 

[1] and was discussed in Chapter One. Recall, that the 
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bimodality index is based on the bimodality seen in 

apparent-size spectra produced at fast fluid flow rates 

through the orifice. The bimodality results from a 

bifurcation of the cellular trajectories, which occurs in 

front of the orifice, leading to two concentrated regions 

of cells, one in the central portion of the orifice, and 

the other nearer to the walls [2]. Those cells traveling 

closer to the walls have a longer residence time in the 

orifice, and as a result produce larger voltage pulses thus 

leading to the bimodal spectrum. It is thought that a 

major determinant causing deformable cells to remain close 

to the walls is the action of "tank treading" [2-4] 

(defined as the movement of the membrane around the 

stationary cytoplasm); fixed cells (which are unable to 
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"tank tread"} do not produce a bimodal spectrum [5]. 

The second method, developed in Chapter Two, relies on 

the shift in apparent modal size for cells measured at slow 

as compared to fast flow rates. At slow flow the cell is 

discoid in shape and has a shape factor of about 1.19~ .at 

fast flow, the stresses induce the cell to deform towards a 

prolate ellipsoid of revolution, resulting in the shape 

factor being reduced to about .1.05. This reduction in 

shape factor leads to a reduction in the apparent or 

measured volume (see eq. 2~1}. Clearly, the degree of 

app~rent size shift will depend upon the extent that the 

cell is able to change its form, i.e. is able to deform. 

A main difference between the two indexes is that the 

bimodality index relies heavily on cells which ttaverse the 

orifice near the walls. By contrast, the form-shift index 

ignores these cells and instead is solely dependent on the 

primary spectral peak, that is, upon cells traversing the 

central portion of the orifice. 

These two indexes will be used to study the 

temperature dependence of deformability for intact cells 

and restored ghosts, over a wide range of osmolalities. 
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MATERIALS AND METHODS 

Two drops of whole blood from a normal adult were 

obtained by finger prick. The blood was placed in 10 ml of 

300 mOsm PBS, at the desired temperature, and stored for 

one hour. As shown by the results in Chapter Five, one 

hour is sufficient to equilibrate the cells before testing. 

From this stock suspension, 0.1 ml was trartsferred into 10 

ml of the test solution, giving a final cell concentration 

on the order of 10 5 cells/ml. After 15 to 30 minutes, 

this cell suspension was then studied by resistive pulse 

spectroscopy (RPS), at slow and fast flow rates, and at a 

low electric field strength. The bimodality index is 

obtained directly from the fast-flow spectrumr the 

form-shift index was obtained from the ratio of the 

apparent sizes at slow and fast flow. 

Restored ghosts were made by placing two drops of 

whole blood into 100 mOsm PBS. After 15 minutes this cell 

suspension was centrifuged at 1000 X g for 20 minutes. The 

supernatant was discarded, and· 10 ml of 100 mOsm PBS was 

added to the pellet. The pellet was dispersed and the cell 

sus~ension again centrifuged as above. After removing the 

supernatant, 10 ml of 300 mOsm PBS was added to the pellet 

(of vblume less than 0.5 ml). Up to this point, all 

manipulations were carried out at room temperature. 

Subsequently, the ghosts were placed in different-

temperature water baths, and allowed to equilibrate for an 



hour. This suspension then constituted the "restored 

ghosts" stock suspensionc 
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The procedure for determining the bimodality index was 

presented in Chapter Orie, specificall~ in Figure 1-5. The 

procedure for obtaining the form-shift deformability index 

was discussed in Chapter Two~ 

The sickle cell blood, along with a control sample, 

was obtained from Children's Hospital Medical Center, 

Oakland, CAc These blood sample~ were collected in 5 ml 

tubes with heparin used as.the anticoagulentc They were 

kept at 0° until the time of the RPS experiment, and 

were used within 24 hours after collection. The stock 

suspension was made by transferring 0.1 ml of the whole 

blood into 10 ml of 300 mOsm PBS. From this point on, 

these samples were treated exactly as for th~ finger prick 

normal samples. 



RESULTS 

Intact cells 

The bimodality indexes for red cells, exposed to a 

range of osmolalities from 100 to 500 mOsm, at three 

different temperatures, are shown in Figure 4-le At 

osmolalities below 125 mOsm a variable-proportion mixture 

of ghosts and intadt cells was present in the suspension, 

depending upon the temperature. Above about 150 mOsm, no 

ghosts were present at any of the temperatures. 

The peak in the bimodality index, for all three 

temperatures, is seen to occur at approximately 250 mOsme 

The magnitude of the index, at most osmolalities, is seen 

to be temperature dependent. 

The form-shift deformability indexes measured on red 

cells under identical conditions are shown in Figure 4~2. 

Again, some ghosts were present at the lower osmolalities. 

The maxima in the form-shift curves are evidently quite 

broad, rendering precise determination of their positions 

quite difficult. For the 25°C ciur~e the maximum 

position occurs at 300 + 25 mOsm. 

The temperature dependence in these curves is 

different from, and somewhat less pronounced than, that of 

Figure 4-1 curves. An odd feature is seen at the low 

osmolalities, at 25°C. This curve reaches a minimum at 
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140 mOsm, but then rises again as the osmolality is further 

lowered. The other two curves do not follow this pattern. 
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FIGURE 4-1: The bimodality index as a function of the 

osmolality, for intact red cells at three 

different temper a tures. ( .6.: 40°C: 0 : 

25°C; and 0 : 0°C) 
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FIGURE 4-2: The form-shift deformability index as a 

function of the osmolality, for intact cells at 

three different te.mper a tures. ( 6.: 40°C; 
. 0 0 
0 : 25 C; 0 : 0 C) 
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Restored ghosts 

The two types of indexes were also tested on resealed 

and restored ghosts. The bimodality indexes for these 

samples, at different temperatures, are shown in Figure 

4-3. A few features are clearly evident: a) all the 

~estored ghosts have a reduced bimodality index, as 

compared to normal red blood cells (filled square), at 300 

mOsm; b) the maxima of the bimodality index curves extend 

over a much broader range of osmolalities than for the 

intact cells of Figure 4-1; and c) a clear sepa~ation 

occurs between the bimodality index curve fot: restored 

ghosts at 0°C as compared to the curves for 25° and 

40°C, which are identical. 
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The form-shift deformability index curves for these 

restored ghosts are given in Figure 4-4. This figure shows 

that: a) at the two higher temperatures, restored ghosts 

have about the same form-shift index maxima as do normal 

red cells; b) the 0°C curve is again separated, and 

distinct, from those at 25° and 40°C (similar to 

the observations for the bimodality index); and c) the 

form-shift index seems not to reach its maximum until the 

osmolality is reduced to below 200 mOsm, for all three 

temperatures. 

In Figure 4-5 are shown the actual RPS spectra for 

intact red cells and restored ghosts, at 25°C and 300 

mOsm. The modal channel values have been corrected to the 

same effective instrumental current and gain values. The 
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FIGURE 4-3: The bimodality index as a function of 

osmolality for "restored ghosts" (see Materials 

and Methods) at three different temperatures. 

The solid square is the index for intact red 

cells. 
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FIGURE 4-5: The individual RPS spectra, along with their 

modal size value, for both intact cells and 

restored ghosts, in 300 mOsm PBS and at 

25°c. The spectra are shown for both the 

slow and fast fluid flow rates. The values of 

the bimodality and form-shift indexes are 

listed at the bottom. 
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restored ghosts are seen to be much smaller in size. The 

modal apparent sizes (in channels) of the restored ghosts 

as compare~ to the intact cells, from which they were made, 

are shown in Figure 4-6, .for a wide range of different 

osmolalities. 

Sickle cells 

Figure 4-7 depicts the RPS spectra of normal red blood 

cells, and those of a patient with sickle cell anemia, at 

room temperature, in a 300 mOsm PBS suspension. Note that 

the modal size of the control sample shown here is 

different from that shown in Figure 4-5, simply because the 

two were from different individuals. At the bottom of the 

figure are the values of the bimodality and form-shift 

indexes. 
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DISCUSSION 

Intact cells 

The purpose of this chapter is to measure the 

temperature dependence of the bimodality and form-shift 

indexes, and in so doing, to compare the features of these 

two deformability measurements, and to relate such 

deformability information to underlying fundamental 

cell-membrane properties~ From Figures 4-1 and 4-2, which 

are derived from intact red cells (except at the lowest 

osmolalities where at least some osmotic hemolysis has 

taken place), it is clear that the bimodality index is the 

more informative one. With the bimodality index, there is 

a distinctive temperature dependence, most pronounced at 

the lower temperatuYes, and the maximum values can be 

easily determined. The form-shift deformability index 

shows a different kind of temperature dependence, and the 

peaks are quite broad. 
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Part of the explanation for the improved resolution of 

Figure 4-1, as compared with Figure 4~2, lies with the 

smaller inherent standard deviation applicable to Figure 

4-1 type curves. This is because the bimodality index is 

derived from a single measurement (i.e. can be obtained 

from a single spectrum) , whereas the form-shift index 

req~ires two spectra, one at slow flow and the other at 

fast flow. Therefore the standard deviation is much larger 

for the form-shift index, generally ~ 0.01, which is quite 



large with respect to the ordinate units of Figure 4-2. 

Some of the details of Figure 4-1 include a clear 

indication of temperature dependence, and a maximum in the 

index at approximately 250 mOsm. This peak position is 

nearly identical to the peak position found with the 

ektacytometer [6], indicating that these two tests may be 

measuring similar deformability properties. 

Why might one expect a temperature dependence of 

deformability? As the temperature is lowered, internal 
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viscosity must increase, thereby contributing to a reduced 

defotmability [7]. There should be a membrane component to 

this effect as well, since the ability of red cells to 

produce "tethers" is reportedly reduced as the temperature 

is lowered [8]. Furthermore, when cells are stretched 

between two micropipets and then released, the relaxation 

time for recovery is greatly increa~ed as temperature is 

lowered [9]. Previous work has shown that the bimodality 

index is dependent on both cytoplasmic and membrane 

properties [10], therefore, the existence of a temperature 

dependence in the bimodality index is not at all 

unexpected. 

The temperature dependence for the form-shift 

deformability curves of Figure 4-2 is puzzling, in that the 

values for 25°C are somewhat larger than those for 

either lower or higher temperatures, at least for the 

near-isotonicity range. The 40°C data has been 

repeated a few times with the same result, a smaller-than-
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anticipated form-shift index. Since the development of the 

form-shift index as a measure of deformability is 

r~latively new, not all of the underlying cellular 

properties that it is dependent on are known, such as, a 

possibility that there are limits to the extent that the 

cell can deform towards a prolate ellipsoid. This is one 

area of my research that others, who will follow, may 

further explore. 

The most strikingly odd feature of Figure 4-2, the 
0 . 

shcuply rising curve below 14.0 mdsm, at 25 , can be 

readily explained in terms of the ghosts that are being 

formed at these low osmolalities. As the osmolality is 

first lowered from 300 mOsm, the cells swell and lose 

deformability. Arrived at the spherical state, the cell 

has its lowest deformability. Below 140 mOsm, the cells 

increasingly hemolyze, until at 100 mOsm there are 100% 

ghosts. How could the (spherical) ghosts• deformability 

have increased, as indicated by the high form-shift index, 

at 100 mOsm? This could only occur if, under fast flow 

stress, the ghosts could either (a) lose volume, or (b) 

stretch their membrane~ In Chapter Five it will be shown 

that ghosts do have an expanded membrane compared to intact 

cells, so it is possible that such a membrane has ~ highe~ 

elasticity than the membrane of an intact cell, making (b) 

more likely. (It is worth noting that in this feature the 

25°C curve is very similar in shape to curves obtained 

with the ektacytometer [6]). This feature, however, is not 



seen at the other temperatures, possibly because at 0°C 

the ghosts are more damaged than those at higher 

temperatures (see Chapter Five); and at 40°C no ghosts 

are formed at 120 mOsm (which was the lowest osmolality 

0 . 
measured at 40 C, for this curve). 

Restored ghosts 
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Bimodality index: It was anticipated that with the 

removal of the viscous cytoplasm, and replacement with the 

low-viscosity PBS medium, the reitored ghosts would be much 

more deformable. As measured by the bimodality test, this 

·was not the case, as seen in Figure 4-3. The bimodality 

indexes of these restored ghosts are much reduced as 

compared to the values for intact cells (filled. square). 

An explanation for this can be found by considering the 

bases for the bimodalities of the spectral curves of Figure 

4-5. The bimodality of the intact cell is high because of 

the clear. separation of the shoulder, resulting from cells 

traversing the orifice near the walls. The low bimodality 

of the restored ghosts (i.e. the reduction in the 

separation of the shoulder from the main peak) indicates a 

difference in the near-wall component of the restored ghost 

population, as compared to intact cells. Evidently the 

restored ghosts are unable to adopt, or hold, positions 

near the wall to the same extent. It has been proposed 

that deformable cells maintain their positions near the 

wall by "tank treading" [2]. This suggests that these 
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restored ghosts may be un~ble to "tank tread" as 

effectively as intact cells. Thus to the extent that "tank 

treading" is a contributor to the complex properties that 

give rise to cell deformability, these restored ghosts do 

display reduced deformability. 

Form-shift index: Since the form-shift index is not 

responsive to the shoulder of the spectral curves, just to 

the main spectral peak, "tank treading", or lack thereof, 

~ill not influence this index. In fact the maximum values 

in the form-shift index ~or restored ghosts are seen to 

reach the normal range, although at a much lower 

osmolality. The apparent reason that the foim shift 

maximum is shifted to the lower osmolalities can be found 

in the reduced sizes measured for the restored ghosts as 

compared with normal intact cells at the same osmolality 

(Figure 4-6). Because of their smaller size (relative 

dehydration) a lower osmolality is necessary to increase 

the volume, and consequently to alter the shape, of the 

restored ghosts to values that are closer to those of 

intact red cells. From Figure 4-6, it is seen that 

restored ghosts, at 175 mOsm, have the same apparent size 

as intact cells in 300 mOsm PBS. Therefore, it is not 

surprising that the restored ghosts have a maximal 

form-shift at 200 mOsm or lower. (A likely explanation of 

the smaller size of the restored ghosts involves the more 

ideal behaVior of the ghosts as perfect osmometers as 

compared to intact cells. It was shown in Chapter Two that 
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the Ponder R value for intact cells is less than 1.0 

(approximately 0.7), and this is due to the presence of 

hemoglobin [11]. So ghosts, which have very little 

hemoglobin, should have a higher R value and act more lik~ 

a perfect osmometer, by shrinking and swelling to a greater 

extent over a smaller osmolality difference. Thus, when 

the ghosts are restored to 300 mOsm from 100 mOsm their 

shrinkage in volume will be greater than would be found 

with intact cells.) 

From both types of deforrn~bility measurements on 

restored ghosts, there is a temperature dependence for the 

respective indexes: at 0°C ghost deformability is 

reduced, at 25°C .and 40°C th~ values. are higher and 

nearly identical. This suggests the possibility of a 

membrane phenomenon, such as a transition temperature, 

below which the membrane is much more rigid. 

Alternatively, if the time for the ghosts to elongate 

becomes too long (longer than the measurement time) , as the 

temperature is lowered, this will be perceived as an 

indication that the ghosts are nondeformable. 

Sickle cells 

From the studies presented here for normal intact 

cells, it would appear that the bimodality index offers 

advantages over the form shift index, in that, it is 

quicker to obtain this index (only one spectrum instead of 

two), its standard deviation is smaller, and that, with 



suitable experimental care, its values are highly 

reproducible. 
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For certain purposes and for some cell samples, 

however, the form-shift index is advantageous. Since the 

bimodality index depends upon a clearly resolvable shoulder 

of the spectrum, factors that disturb this secondary peak 

will necessarily influence the index (including factors not 

related t6 def6rmability). 

One such factor would be a large heterogeneity in 

modal size, whereby the primary peak would tend to mask the 

secondary peak. Such a large heterogeneity could result 

whenever there is a large distribution in cell volumes in a 

blood sample. This circumstance does exist in sickle cell 

anemia as shown in Figure 4-7. Here, the spectra of a 

control and a sickle cell patient are shown at both the 

slow and fast flow rates. A large heterogeneity is 

apparent at the slow flow (from the width of the curve at 

half maximum height; coefficient of variation equals to 

0.245 as compared to the normal, 0.166). This 

heterogeneity substantially reduces the bimodality from 

1.10 to 0.65, by spreading the main and secondary peaks. 

In the absence of further informationj this would be 

misinterpreted as a reduced deformability. Since the 

form-shift is concerned only with the modal volume, it 

indicates that, in fact, the cells from this particular 

sickle cell patient have a normal deformability. 

Another factor related to deformability, as already 



mentioned, would be "tank-treading", whereby cells or 

ghosts un~ble to "tank tread" are caused to move closer to 

th~ center of the str~am, hence, reducing the bimodal 

distribution across the orifice. 

SUMMARY 

1) The bimodality index for intact red biood cells 

·reaches a clear maximum value at about 250 mOsm. 

2) Thete is a temperature dependence of the bimodality 

index, with lower temperatures inducing a lower value of 

the index. 

3) The form-shift index shows a different temperature 

dependence, and a broad maximum occurring at about 300 

mOsm. 

4) For restored ghosts the bimodality index is much 

lower than for intact cells, suggesting that restored 

ghosts have a reduced ability to "tank tread". 
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5) The form-shift index for restored ghosts is 

approximately normal, bu~ ~hifted to lower osmolalities 

because of the relative dehydration of the restored ghosts. 

This indicates that this index is, to a large extent, 

dependent on the shape of the cells. 

6) The temperature dependence of the bimodality and 

form-shift indexes for restored ghosts may be indicative of 

some kind of a thermal transition occurring in the 

membrane. 



7) The form-shift index is able to measure an accurate 

deformability value for cell populations having a large 

heterogeneity in cell volume, as occurs in sickle cell 

anemia. The bimodality index, taken by itself, is unable 

to reveal this deformability, because of its reduction 

caused by the large heterogeneity of the sickle cell 

volumes. 

98 



REFERENCES 

l)Yee, J. P. (1979) Development and application of 

naesistive Pulse Spectroscopy": Studies on the size, form~ 

and deformability of red blood cells. Ph.D. Thesis, 

University of California, Berkeley, Department of 

Biophysics. 

2) Akeson, s. P. and H. C. Mel (1984) Deformability and 

other rheological responses of red blood cells in 

electronic cell sizing. Biorheology (submitted) 

3)Fischer, T. M., M. Stohr-Liesen, and Schmid-Schonbein 

(1978) The red cell as a fluid droplet: Tank tread-like 

motion of the human erythocyte membrane in shear flow. 

Science 202:894-896 

99 

4) Goldsmith, H. L. and J. Marlow (1972) Flow behaviour of 

erythrocytes I. Rotation and deformation in dilute 

suspen~ions. Proc. R. Soc. Lend. B. 182:351-384 

5) Yee, J. P. and H. C. Mel (1978) Kinetics of 

glutaraldehyde fixation of erythrocytes: size, 

deformability, form, osmotic and hemolytic properties. 

Blood Cells 4:485-497 



6) Clark, M. R., N. Mohandas, and S. B. Shohet (1983) 

Osmotic gradient ektacytometry: comprehensive 

characterization of red cell volume and surface 

maintenance. Blood 61:899-910 

7) Mohandas, N., M. R. Clark, M. s. Jacobs, and S. B. 

Shohet (1980) Analysis of factors regulating erythrocyte 

deformability. J~ Clin. Invest. 66!563-573 

8) Williamson, J. R., M. 0. Shanahan, adn R. M. Hochmuth 

(1975) The influence of temperature on red cell 

deformability. Blood 46:611-624 

100 

9) Hochmuth, R. M., K. L. Buxbaum, and E. A. Evans (1980) 

Temperature dependence of the viscoelastic recovery of red 

cell membrane. Biophys. J. 29:177-182 

10) Yee, J. P. and H. C. Mel (1978) Cell-membrane and 

rheological mechanisms: Dynamic osmotic hemolysis of human 

eryth~ocytes and repair of ghosts, as studied by resistive 

pulse spectroscopy. Biorheology 15:321-339 

11) Wolf, M. B. (1980) A simulation study of the anomalous 

osmotic behavior of red cells. J. Theor. Biol. 83:687-700 

• 



• 

101 

CHAPTER FIVE 

TEMPERATURE EFFECTS ON HEMOLYSIS: 

OSMOTIC FRAGILITY AND MEMBRANE PHENOMENA 

INTRODUCTION 

It has long been known th~t temperature is a major 

factor in red cell fragility, resulting in resi~tance to 

hemolysis that increases with incre~sing temperature [1-3]. 

A number of different proposals have been advanced to 

explain this finding. One is that the surface area alone, 

(hence the surface-to-volume ratio), increases with 

temperature [4,5]; this would require, for the higher 

temperatures, a greater volume increase and hence a lower 

osmolality to cause the cells to swell to their spherical 

volume. Another consequence of this proposal is that the 

cell's spherical volume would have to increase with 

temperature. However, early work by others (which was only 

able td determine steady sta~e volumes) showed this 

spherical volume to be independent of temperature [2,3). 

Another possibility is that the isotonic volume of the 

cell is, itself, temperature dependent, with high 

temperatures causing a decrease in volume at constant 

surface area [2,6). This response would also increase the 

surface-to-volume ratio and decrease the osmotic fragility. 

However, neither Murphy (by microhematocrit [4)), nor 



Seeman et al (by Coulter sizing [3]) were able to detect 

such an effect experimentally. 
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A third possible mechanism to reduce the fragility 

would be a temperature-dependent leakage of potassium 

occurring at the cell's critical volume stage (with 

attendant loss of water). Ponder and Robinson (7] and 

Davson (8] reported potassium leakage (of up to 8% of the 

cell's potassium content), and Seeman (3] advanced the 

theory that this leak was temperature dependent, i.e. more 

leak at higher temperature. However, Livne and Raz (9] did 

not measure any difference in leak over a temperature range 

of 5° to 37°C. 

Both alteration in surface area and changes in 

potassium permeability are clearly membrane-dominated 

phenomena. An additional kind of potentiaL explanation for 

fragility changes could have its origin in a cytoplasmic 

response such as a change in hemoglobin. Aloni et al [10] 

performed temperature-fragility experiments on cells 

containing various amounts of hemoglobin and found that the 

temperature dependence was present regardless of the 

hemoglobin concentration. These authors thus concluded 

that the temperature has its effect on the membrane of the 

Cell rather than on this (the cell's principal) cytoplasmic 

component. 

The present study uses resistive pulse spectroscopy to 

investigate osmotic fragility and the interrelated 

properties of volume, form, and surface area for intact 
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cells, hemolyzing cells, and ghosts. New results are 

reported on the temperature-dependence of surface area, 

isotonic volume, and hemolytic volume. From these results 

I am able to arrive at a unifying view of these 

interrelated factors insofar as they effect osmotic 

fragility. One noteworthy conclusion from this work is 

that under certain conditions the red cell membrane can 

sustain an astonishing degree of stretch withbut hemolysis. 

MATERIALS AND METHODS 

The stock suspension of red blood cells consisted of 

two drops of blood from a normal adult finger prick, 

suspended in 10 ml of isotonic phosphate buffered saline 

(PBS, .pH 7.4, 300 mOsm). To avoid transients in osmotic 

fragility and volume properties, the cells were allowed to 

equilibrate with the solution for about one hour before 

tests were initiated. For the actual RPS measurements, a 

secondary dilution was then made by transferring 0.2 ml of 

the stock to 10 ml of the test solution, yielding a final 

cell concentration on the order of 10 5 cells/ml. 

Variations in osmolality of the test solution were obtained 

by adding either NaCl or deionized water to 300 mOsm PBS. 

Osmolality measurements were made with a Fiske model G-62 

freezing point osmometer (Fiske Associates, Inc., Uxbridge, 

Mass.). At least four measurements were made for each data 

point, with the standard deviation between them being less 

than 1%. 
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For the studies that involve temperature as an 

independent variable both the stock and test solutions were 

at the same temperature, by keeping the suspensions in 

water batns. The samples were removed for short periods of 

time for analysis with the resistive pulse spectroscopy 

(RPS) system (described in Chapter One). Since the 

temperature effects will be shown to occur over a long 

period of time, and the re~oval of the samples from the 

water bath for only a few seconds does not change the 

temperature of the samples, the RPS size analysis, itself, 

is assumed not to influence the measurements. 

In this chapter, I will use the size analysis of 

Chapter Two, along with the high-current technique of 

determining fragility to separately assess the unhemolyzed 

and hemolyzed cell subpopulations. 

RESULTS 

Temperature dependence of osmotic hemolysis 

Human red blood cells, stored for an hour at various 

temperatures, were exposed to different low-osmolality PBS 

solutions, and the percentages of ghosts measured. The 

results are given in Figure 5-l. The values shown are from 

the steady states, after the cells have been in the 

hypotonic medium for at least fifteen minutes, (see Figure 

1-9, Chapter One). 
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Volume, surface area, and form 

The influence of temperature on the volume, surface 

area, and form of the cells in isotonic medium, was 

determined by means of the "sizing protocol" given in 

Chapter Two. The RPS-measured volumes are tabulated in 

Table 5-I, along with three sets of calculations based on 

different models of cell behavior. 

The first of these models considers the cells as 

oblate ellipsoids of revolution, and assumes that the 

surf~ce atea remains at a constan~ 130 p2 at all 

temperatures, so that the maximum spherical volume also 

remains constani, at 140 p3, but that otherwise the 

volume may change. The values of volume and shape factor 

are determined from the use of Figures 2-2 and 2-3 of 

Chapter Two. The set of fE values is tabulated in 

column 4 of Table 5-I, and (from VOL(true-max) = 140 

p3 ) the set of VOL(true) values is tabulated in column 

3 of Table 5-I. 
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In Figure 5-2 these volumes are plotted as a function 

of temperature. The volume is seen to decrease lineariy 

with temperature, from 95.6 p 3 at 0°C to 83.6 

p 3 at 40°, according to the assumptions of this 

constant surface model. 

The second model also assumes that the shape remains 

as an oblate ellipsoid, but that the true volume remains 

constant (taken as 88 p3), while the surface area 

changes, as necessary, to accommodate the data. The 
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TABLE 5-I 

THE ISOTONIC VARIATION IN APPARENT SIZE, INDUCED BY 
TEMPERATURE CHANGE, ACCORDING TO THREE DIFFERENT MODELS. 

APPARENT MODEL ONE MODEL TWO MODEL THREE 
SIZE 

(SURFACE AREA = 130 p 2 ) (VOLUME = 88 p3 ) VOL = 88 p 3 
2 

(channels) 
S.A. = 130 jJ 

VOLUM3 fE SURFACE ~REA fc f 
(± 1 p ) (± 0.006) (± 2 )l ) (± 0.006) (± o.bo6) 

30.4 95.2 1. 209 105 1. 308 1. 308 

29.8 93.6 1. 205 108 1. 282 1. 282 

29.3 92.2 1. 200 112 l. 257 1. 257 

28.7 90.8 1.197 117 1. 235 1. 235 

28.2 89.2 1.191 124 1.207 1. 207 

27.5 87.5 1.188 133 1.181 1.181 

26.9 85.5 1.182 147 1.152 1.152 
~ 

25.8 83.5 1.178 169 1.118 1.118 
I--' 
0 
-.....) 
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FIGURE 5-2: Calculated "true" volume (slow flow and oblate 

approximation) as a .function of temperature for 

RBC at 300 mOsm PBS, assuming constancy of 

surface area (model one). 
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respective values of surface area and shape factor are 

calculated by noting that the product of the true volume 

and shape factor must be identical for any model, namely 

equal to the measured volume (equation (5-l)) [11]. 

VOL(meas) = VOL(true) X SHAPE FACTOR ( 5-l) 

Thus: 

[VOL(true) X SHAPE FACTOR] d l mo e one 
------~----------~~--

[VOL(true) = 88 ~3] 
= [SHAPE FACTOR]model two (5-2) 

r model two 

From equation (5-2) and the data of Table 5-I, columns 

3 and 4, values for fE are calculated and tabulated in 

column 6 of Table 5-I. Using these fE values in Figure 

2-2 (Chapter Two), allows calculation of the ratio 

VOL(true)~VOL(true-max) [model two]. By applying VOL(true) 

[model two] = 88 p3 to this ratio, the set of 

VOL(true-max) values is calculated, and the variable 

surface area consistent with the model is tabulated in 

column 5 of Table 5-I. 

In Figure 5-3, the results of this model - the surface 

area as a function of temperature - are plotted. As seen, 

this model requires an increasing enlargement of the 

surface area with temperature, overall a 60% increase, from 

The third model assumes that the entire apparent size 

differences can be explained solely by an altered shape 
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factor. The fE values are calculated according to 

equation (5-2) and tabulated in Table 5-I, column 7. 

However, this assumption necessarily violates the oblate 

shape assumption and in fact would require large 

distortions in shape (i.e. folding or tucking-in of 

membrane). 

As mentioned in Materials and Methods, in order to 

eliminate transients, the sizing experiments were all 

performed after the cells had been at their respective 

lll 

temperatures £or at least one hour. The complete apparent-

size kinetics are depicted in Figure 5-4. As seen, the 

cells require times ranging from ten to thirty minutes in 

their primary stock suspension to reach their steady state 

condition. 

Changes in osmotic fragility are also dependent on the 

time in the primary dilution [12]. Figure 5-5 shows the 

percentage of ghosts (steady state results) vs. time of 
I 

storage in primary dilution for 0°, 20°, and 

40°C. For 0° the cells were exposed to 145 mOsm 

PBS, for 20° the cells were exposed to 128 mOsm, and 

for 40° the cells were exposed to 110 mOsm. For 

0°C, the final fragility is much higher than it was 

originally (at t = 0), while for 40° the fragility 

becomes smaller. Because of these results, subsequent 

tests were not performed until the cells had been in the 

primary dilution for at least one hour. 

An experimental way to distinguish between the 
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contradictory models one and two (that is, alterations in 

volume as compared to surface area) is to size the cells 

after they have been swollen to spheres. If they all 

appear t6 have the same spherical size then the surf~ce 

area has necessarily remained constant (model one); if this 

is not the case, then the surface area is, in fact, 

temperature-dependent, in accordance with model two. 

Cells stored at different temperatures for one hour 

were placed in media of appropriate osmolality to give less 

than 10% ghosts (Figure 5-l was used to select the 

osmolality). The percentage of ghosts was kept low in this 

manner in order to minimize interference in the intact-

spherical-cell size spectra from the ghost component. At 

the same time, the presence of some ghosts in the mixture 

insures that the modal size of intact cells will be 

characteristic of the cells swollen to their spherical 

state. In this condition I am able to use the single shape 

factor of 1.5 to determine the true volume (equation 

(5-l)), independent of either model. 

The volumes of the spherical intact cells are shown in 

Figure 5-6 (squares, bottom line); these volumes are in 

fact independent of temperature - they are all 

approximately 140 p 3 , as reported previously [2,3]. 

Also included in Figure 5-6 are the ghosts' volumes 

(circles). To measure these, the cells were placed in 

osmolalities low enough to cause greater than 95% ghosts in 

the population, and thus to eliminate distortion in the 



FIGURE 5-6 (next page): The steady state volume of ghosts 

(O's) and spherical intacit rBd blood ~ells 
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(0 's) as functions of temperature. The 

osmolalities used at each temperature were 

determined from Figure 5-l such that there were 

less than 10% ghosts in the intact cell 

suspensions, and greater than 95% ghosts in the 

ghost suspensions. 
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size spectra arising from non-ghosts. Again, Figure 5~1 

was used to select, for each temperaturej the best 

osmolality at which to expose the cells. In all cases, 

osmolalities less than 100 mOsm were avoided in order to· 

prevent too-rapid hemolysis with possible loss of membrane. 

Thes-e ghost-volume results are very different from those of 

the spherical intact cells, in that they increase linearly 

I . • 3 0 ·. 3 
with temperature, from 136 p at 0 to 164 p 

at 40°C (a 21% increase in volume and a 13% increase in 

surface area). 

Figure 5-7 _shows the osmotic dependence of sample modal 

volume for cells stored at 0° and 40°C. Following 

common practice the volumes are plotted against inverse 

osmolality. From the linear portions of the curves the R 

values of 0.62 + 0.06 for 0°C, and 0.74 + 0.06 for 

40°C, are calculated1 . As tabulated by Ponder 

[13], R values have been reported to be as low as 0.5 to as 

high as 0.95, depending on experimental conditions. The 

slopes of the curves of Figure 5-7 are seen to be nearly 

identica.l, and equal to 300RW. As the temperature is 

increased, the isotonic volume decreases, which decreases 

the amount of water in the cell (W), thus leading to a 

higher R value. The temperature independence of the slope 

of these lines has been previously reported [14]. 

1. Ponder [13] analyzed dat~ of this nature with the equation: 
V = R·W (1/~ -1) + V , where ~ is the relative tonicity 
(mOsm/300), w is the0 volume of the cell occupied by water at 
isotonicity, and V

0 
is the isotonic volume. 
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FIGURE 5-7 (next page): The steady state volume of red 

blood cells (i.e. mixtures of intact cells and, 

if sufficiently hypotonic, also ghosts) as a 

function of the inverse osmolality, for 

solutions at 0° (O's) and 40°C (0 's). 

The percentage of intact red cells and ghosts 

at each osmolality is found by referencing 

Figure 5-l. 
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From Figure 5-7 we see that the responses of the red 

cells to hypotonic media show marked differences for the 

two temperatures studied. In analyzing Figure 5-7, it is 

important to emphasize that each volume is a modal cell 

volume for an entire (and in some cases mixed) population. 

Over regions where the cells remain intact, as along the 

higher-osmolality linear portions, this has no particular 

consequence. However, as .the cells hemolyze to a 

significant extent, the populations shift to an ever

irtcr~asing proportion of ghosts, as indicated by Figure 

s~l. Thus, at 0°C and 150 mOsm (the point of maximum 

value for the 0°C curve), the percentage of ghosts is 

approximately 25l. Along with the increase to more than 

95% as the osmolality is further lowered, is an associated 

reduction in modal volume. At 40°C, the percentage of 

ghosts increases from 0% at the start of the first plateau 

(at 130 mOsm), to 25% at the end of the plateau (115 mOsm). 

Still lower osmolalities result in an increase to more than 

95% ghosts (by 100 mOsm). This time, however, there is an 

associated increase in the modal volume, until at 100 mOsm, 

the size levels off at approximately 164 p 3 • 

The volume data of Figure 5-7 represent steady state 

values, where the cells were exposed to secondary dilutions 

of various osmolalities for at least fifteen minutes. The 

time-dependent volume changes leading to some of these 

steady state volumes were investigated as well, by 

transferring red cells that were stored in isotonic 
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solutions at both 0° and 40°C to each of two 

low-osmolality solutions. The first of these was chosen to 

lead to fewer than 10% ghosts, the second to greater than 

95% ghosts, for reasons similar to those stated above~ 

The kinetic results are given in Figure 5-8. At 

0°C, both of the low-osmolality solutions induce rapid 

swelling to th~ cell's spherical volume, followed by a 

general leveling off in Volume. At 40°C the 

bbservations are much different. In the 120 mOsm solution 

(resulting in less than 10% ghosts) the cells swell up, 

within a few seconds, far beyond the steady-state spherical 

volume but then quickly shrink back dowh to their steady 

state values. In the 100 mOsm solution (leading to over 

95% ghosts) the earliest time measurements show the ghosts 

to be small (having presumably already shrunk down from 

their hemolytic volume). Over time, however, they swell up 

3 to the very large steady state value of about 164 p . 

Note that the early-time maximum volume attained for the 

intact cells was even greater than 164 p3 • 
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DISCUSSION 

In the introdu~tion I presented four possible models 

to explain the temperature dependence of osmotic fragility . 

Based on evidence against them, two of these models will 

not be considered in more detail. The first, a temperature 

dependent potassium leak for the swollen cell, is refuted 

by the data of Livne and Raz [9). The second explanation, 

that hemoglobin (or other cytoplasmic component) is 

responsible, is refuted by th& data of Aloni et al [10), 

and is also dropped from further consideration. 

The two most likely causes for the temperature 

dependence of osmotic fragility are (1) that the 

temperature influences the isotonic volume of the cell, my 

model one - a colder temperature causes the cells to swell 

to a volume closer to the hemolytic volume [1,2); or, 

alternatively, (2) that changes in temperature alter the 

surface area of the cell at constant volume [4,5), my model 

two. Specifically, according to this second view, an 

increas& in the surface area, at a higher temperature, 

would engender a greater required reduction in osmolality 

to reach the hemolytic volume. 

I also introduced a third model as a potential 

explanation fo~ the measured volume changes with 

temperature, changes in shape factor at constant volume and 

constant surface area. As mentioned in Results, large 

distortions in shape would be required to match the 



calculated shape factors ranging from 1.12 to 1.31 (Table 

5-I). Since such changes are not seen in the microscope, 

nor have there been such reports in the literature, this 

model, as well, will not be considered further. (Note: A 

pure change in shape alone would not be expected to 

influence fragility.) 

Surface area and isotonic volume 

Waugh and Evans [5] made d.irect measurements on the 

temperature dependence of RBC surface area using the 

micropipet method, coupled with certain assumptions about 

volume changes. They concluded that the RBC surface area 

increased fractionally by 1.2 x l0- 3jdegree, 

corresponding to a 4.6% increase from 0° to 40°C. 

Such an increase is far too small to explain, by itself, 

the well-known large fragility differences, confirmed by 
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the present results. My fragility data would require a 14% 

increase in surface area from 0° to 40°C, if an 

increase in surface area were the only factor involved. 

This value is calculated by noting that at 0°, 50% 

hemolysis occurs at 146 mOsm, while at 40°C it occurs 

at 111 mOsm (Figure 5-l). Substituting the value of WR = 

43.2, determined from Figure 5-7, and V = 88 u 3 in - o r 

the equation in footnote 1, I calculate cell volumes of 133 

p 3 in 146 mOsm, and 162 p3 in 111 mOsm. The 

required surface area increase between these two 

(spherical) conditions is 14%. 



My measurements, in fact, show that over the 

temperature range of 0° to 40°C the spherical 
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intact cells must all have the same sur£ace area since they 

all have the same volume, to ~ithin + 1% (Figure 5-6). 

This indicates that Figure 5-2 (model one) provides the 

correct interpretation of the experimental data given in 

Table 5-I, namely that it is the isotonic volume of the red 

cell which is temperature dependent .. Further support for 

this conclusion is obtained from reexamining the full 

extent of the surface area change that would be required by 

model two. From Figure 5-3, a surface area increase of 60% 
.. 

would be necessary to explain the isotonic data if there 

w~re no volume changes. This figure is evidently even more. 

inconsistent with our constant-area result. 

The underlying cause of this temperature dependence of 

isotonic volume is unknown. It is not likely caused by a 

leakage of ions in or out of the cell since (a) the effect 

is rapidly reversible [6], and (b) it quickly reaches a 

steady state (Figure 5-4). A possible explanation involves 

the tempe~ature effedt on the pKa of hemoglobin. 

Temperature is known to reduce the pH of a red cell 

suspension (normal hemotocrit) in an unbuffered medium by 

0.015 pH units/degree [14,15]. This is equivalent to 

reducing the pKa of hemoglobin. Hemoglobin is 

essentially releasing hydrogen ions, making the cytoplasm 

acidic with respect to the medium. This is equivalent to 

placing the cells in a high pH medium, which is known to 



cause the cell to lose water and shrink [16-18]. Thus 

changes in temperature can be modeled as a change in pH, 

which is reversible (satisfies (a)), and is fairly ra~id 

(satisfies (b)) [17]. 

Osmotic fragility 
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From analysis of the data in Figure 5-7, I can 

demonsttate that the volume change that occurs with 

temperature {Figure 5-2) is not by itself sufficient to 

cause the large reduction in fragility of the cells, in 

going from lower to higher temperatures. The explanation 

for the fragility reduction is, rather, to be found in a 

full understanding of the volume plateau region that occurs 

for higher temperatures. 

Considering Figure 5-7, at 0°C the cells swell at 

constant surface area until they become spheres. The 

population modal volume when this occurs is 140 p3 , at 

150 mOsm. From Figure 5-l, 25% of the cells have already 

hemolyzed by this time. As the osmolality is further 

decreased ~he cells continue to hemolyze (as per Figure 

5-l) and the modal volume of the population actually 

decreases. Since the 120 mOsm point represents essentially 

pure ghosts (Figure "5-l) , this modal volume decrease is 

seen to result from the smaller ghost volume (possible due 

to the loss of membrane) , as plotted also in Figure 5-6 at 

0°C. 

At 40°C the cells also swell at constant surface 
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area until they become spherical (130 mOsm). Contrary to 
0 . 

the behavior at 0 C, no ghosts have been formed by the 

time this break point in the curve is reached at 130 mOsm 

(Figure 5-l). It is from these factors of the comp~rative 

behavior for 0° and 40°C that I am able to exclude 

the temperature dependent volume decrease (as temperature 

rises) as the sole cause of the temperature dependent 

fragility reduction. That is, from Figure 5-7 a 20 mOsm 

difference is exactly balanced (to produce the same intact 

cell volume) by the 40° change, yet at the higher 

temperature there are no ghosts as compared to 25% ghosts 

for Oo, both at the same 140 p3 volume. 

Beyond the first t;>reak point in the 40° curve, 

with a further decrease in osmolality to 115 mosm, nothing 

appears to happen: a plateau has been reached where the 

cells do not increase further in size. Furthermore, by 115 

mOsm only about 25% of them have hemolyzed (Figure 5-l). 

Past this plateau, with a further decrease in osmolality a 

large increase is observed in the percentage of ghosts (to 

98% at 100 mOsm) , and the modal volume of the mixed 

population also increases markedly. Once most of the cells 

have become ghosts, the volume of the population stops 

increasing, leveling off at a much larger value than the 

spherical intact-cell volume. The second steep-portion of 

the 40°C curve results from the dual population of the 

sample: intact spherical cells sizing at 140 p3 mixed 

with ghosts sizing at 164 p3 • The varying proportion 
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of each of these components leads to the varying composite 

modal volume of the population over this segment of the 

curve. 

How can I reconcile the v~ry ~ifferent fragility 

behavior at 40° as compared to 0°? The answer is 

to be found in the transient behavior of the membrane which 

underlies and results in the 130-to-115-mOsm plateau for 

the 40°C curve. The complete kinetic data showing the 

time-dependent volume changes are given in Figure 5-8. At 

0°C the cell& behave "normally", swelling up to spheres 

{140 p3 ) at 150 mOsm. When the osmolality is lowered 

to 130 mOsm, thus straining the cells further, hemolysis 

occurs without any increase in the spherical volume. That 

is, neither the 150 mOsm nor the 130 mOsm curve rises above 

their initial spherical volume attained. However, at 

40°C the cells exposed to 100 mOsm (leading to 95% 

ghosts within less than one minute) display a modal volume 

of about 140 p3 only for the earliest time points 

measured (over the range of 5 to 30 seconds) . Subsequent 

to this, the population (now ghostS) displays a dramatic 

swelling up to a much larger steady state volume. 

The occurrence of a smaller early time size for ghosts 

has been seen before, especially when the cells are 

subjected to higher stresses [3,19,2G]. The data presented 

in Figure 5-8 was performed under low stress conditions, 

and my present belief is that this early small apparent 

size of ghosts is due to both a real (albeit small) 

• 



decrease iri volume, from the hemolytic volume, and a 

resulting alteration in shape, from that of a sphere. 

Al6ng with this would be an increase in the deformability 

due solely to geometrical fact6rs. Together the~e three 

are able to result in a large apparent decrease in volume 

(see Chapter Three) . As the ghosts regain their membrane 
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integrity and spherical shape, the deformability disappears 

and the ghosts eventually size at theic true volume. The 

steady state volume reached by the ghosts is simply a 

function of the temperature of the hemolytic medium (Figure 

5-6) • 

Examination of the high temperature data for the 

intact cells in Figure 5-8 reveals the likely cause of the 

first plateau in Figure 5-7. For short times these cells 

are able to swell far beyond the spherical volume of 140 

p3 without undergoing hemolysis, but then (those able 

to resist hemolysis) quickly shrink back down to the steady 

state volume. Since less than 10% actually hemolyze at 120 

mOsm, the inescapable conclusion is that, at higher 

temperature, the intact cell membrane is able to-expand 

greatly for a short period of time. This observation 

appears to contradict my earlier conclusion that the 

surface area is constant and temperature-independent. 

However a reasonable explanation can be found in the 

difference between steady state and transient behavior: in 

the steady state the surface area is indeed fixed. For 

short times, on the order of seconds, however, the membrane 



can stretch, substantially increasing its surface area. 

Furthermore, the extent of this stretch, without the cell 

undergoing hemolysis, is temperature dependent. 
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To summarize, the transition from disk to sphere 

occurs at constant surface area [21-23], but contrary to 

widespread belief, the first spherical volume reached by a 

swelling red cell need not be equal to the cell's hemolytic 

volume. In contrast, the true hemolytic volume is 

t~mperature dependent, increasing monotonically with 

increasing temperature. 

Though there have been some previous reports of 

increased s~rface area for cells undergoing hemolysis 

[21,22], I have found no mention of such a phenomenon for 

nonhemolyzihg cells. Canham, in matching theoretical 

fragility curves to experimental data, concluded that at 

room temperature a 6% increase in surface area occurring at 

the time of hemolysis would fit the experimental data [24]. 

This indeed matches very closely my own steady state data 

for room temperature. Others, using the micropipet method, 

believe that an increase of only 4% in the surface area 

will cause hemolysis [25,26]. 

The ability of membranes to expand can be quantitated 

as an area compressibility modulus. The temperature

dependence for the area compressibility modulus of red cell 

membranes has been reported by Evans and Waugh [27] using 

the micropipet method. Their values are much smaller than 

mine, in that they do not find the membrane to be able to 

• 
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expand as much as I do. 

Ghost volumes 

The steady state ghost volumes in Figure 5-6 are seen 

to increase linearly with temperature and are presumed to 

be close to (yet below) the hemolytic volume. Focussing on 

the 0°C points, the steady state ghost volume is 

actually below the intact spherical cell volume. (That 

this effect is real is clearly indicated in the data of 

·Figure 5-7, by the downward slope of the curve below 150 

mOsm) . This drop in volume may be a reflection 6f loss of 

membrane during the hemolytic process. For the 0°C 

cells, the hemolytic volume appears to be about equal to 

the spherical volume of the intact cells, i.e. 140 p3 

(Figure 5-8). 

One of the most surprising features of Figure 5-8 is 

the 40°C ghost curve. Evidently, if the transient 

membrane expansion is greater than that corresponding to 

the hemolytic volume, the cell not only hemolyzes and 

s~bsequently reseals, but the cell membrane loses its 

elastic restoring capability and remains permanently in an 

enlarged state. (From Figure 5~8, 40° compared to 

0°C, this steady state stretch in area is (164/140)¥.. or 

11%.) This behavior is consistent with the observations of 

others where deformations have been induced in other ways 

such as micropipet or mechanical elongation. When the red 

cell is deformed with a mild stress, which is then removed, 



the cell returns to its normal shape (elastic or 

viscoelastic behavior). But if a certain yield stress is 

exceeded, the deformation becomes irreversible {plastic 

behavior) [28-31). 

Membrane model 
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The source of the membrane's "stretchability", within 

the bounds of mechanical integrity, is most likely the 

spectrin cytoskeletal network. The 1000-l-long molecule of 

spectrin is made up of two parts, bands 1 and 2 (molecular 

weights of 240,000 and 215,000 daltons, respectively [32]), 

together called the spectrin dimer. Two dimers can combine 

head-to-head to form a 2000-l-long tetramer. At high 

(naturally occurring) concentrations of spectrin, higher 

oligomers have been reported to form without the need of 

other proteins [33,34]. Spectrin, along with actin and 

band 4.1, forms a continuous "fish-net" type matrix 

underneath the entire membrane which is closely associated 

with the lipids and transmembrane proteins [35]. 

The rates of the transitions of spectrin: dimer~ 

tetramer--=;? oligomer are known to have a large temperature 

dependence. At higher temperatures (37°C) these 

transformations occur rapidly, while at low temperature 

(4°C) no transformations occur and the state of the 

cytoskeleton remains essentially fixed [36]. 

This temperature dependence of these transformations 

is known to infiuence the lateral diffusion of 
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transmembrane proteins, such as band 3 (88,000 daltons). 

Since the cytoskeletal matrix hinders the movement of band 

3, if the cytoskeleton were rigid, such diffusion would be 

greatly reduced, and in fact, at low temperatures 

0 . 
(4 C), none is measured [37,38]. (Only 10-15% of band 

3 is physically bound to spectrin, and this occurs through 

the so called ankyrin (band 2.1) [39]. The remaining 

molecules of band 3 (more than 800,000 per cell) are not 

bound but are still sterically hindered in their lateral 

motion by the matrix [40] .) 

In light of this structural and diffusional 

information, it is reasonable to assume that at high 

temperatures the spectrin matrix undergoes many 

polymerizations-depolymerizations, and is constantly being 

reorganized. It is reasonable to assume that the direct 

effect of temperature (on the kinetics of spectrin 

transitions) would hav~ as a consequenc~ indirect effects 

on the membrane lipids as well. Consistent with these 

ideas is the strong temperature dependence of membrane 

surface viscosity reported by Hochmuth et al [41]. 

To further specify the model of membrane behavior 

consistent with the present observations, I note that there 

are more than 200,000 spectrin dimer molecules per red cell 

[32]. This is sufficient to provide about 15 dimers for 

every 1000 x 1000 A square on the cytoplasmic surface of 

the membrane. Furthermore, it implies a considerable 

"overabundance" of spectrin, as opposed to just minimally 
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covering the cell surface with a square matrix consisting 

of extended 1000-~-long molecules. I thus assume the 

likelihood of spectrin existing in its lowest energy state 

in a folded, coiled, or otherwise not fully extended form. 

Evidence for such a "globular" form for spectrin has been 

reported by Ralston [42], Branton [43], and used by Waugh 

[29] in his membrane modeling. 

This model thus provides a simple, mechanical 

rationale for our "stretching" results. But what are the 

implications for the lipid phase? Because of the normal 

close association between the cytoskeleton and lipid in red 
.. 

cells [35], the lipid surface ~auld have to rtfollow" this 

cytoskeletal enlargement without rupturing. The maximum 

transient surface area expansion of 14%, observed at 

40°C, is large, and generally not believed possible 

[25,44]. There is the possibility that during the 

expansion of the cytoskeleton, the spectrin mesh moves into 

the lipid phase~ thereby increasing the surface area of the 

cell, without requiring the lipid molecules to become 

further spaced. Since spectrin is composed of multiple, 

ordered, largely ~-helical domains [45,46], such a 

possibility is not unreasonable. 

This cytoskeletal model thus fits my results at low 

and high temperatures. In the cold, after the cell has 

swollen to the spherical volume, the cytoskeleton, being 

essentially fixed, is unable to stretch; further strain 

causes rupture of the membrane leading to hemolysis. But 
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at higher temperatures, once the cell reaches the spherical 

shape, the spectrin mesh, being more kinetically active, is 

able to expand. This allows the cell membrane to increase 

to a larger size, without necessarily hemolyzing. If the 

cell does not hemolyze, the mechanical restoring forces are 

evidently sufficient to restore the cytoskeleton and cell 

membrane to its previous unstrained state. Obviously, if 

the strain is sufficiently large, h~molySis will occur. 

The cytoskeleton (and membrane) , being over-extended at 

this point, remain in a larger form, resulting in an 

enlarged ghost volume (Figure 5-6), and the higher the 

temperature, the more so. 



SUMMARY 

In studying the temperature effects on osmotic 

fragility, I have determined a number of temperature

deperrdent alterations that occur to the red blood cell. 
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l) Temperature was found not to permanently alter the 

intact cell surface area: the area remains constant at 130 

~ 2 , at temperatures ranging from 0° to 40°C. 

2) Temperature do~s alter the steady state volume of 

the cells, with a colde~ temperature inducing swelling (for 

unknown reasons). 

3) Such a temperature-induced volume change is not 

sufficient to explain about half of the fragility 

differences resulting from temperature changes. 

4) Higher temperatures enable a substantial transient 

increase in surface area of intact cells (up to a maximum 

of at least 14% at 40°C), with a considerable increase 

in the cell's hemolytic volume. 

5) This hemolytic volume apparently increases linearly 

~ith temperature, since steady state ghost volumes are seen 

to increase linearly with the temperature at which the 

ghosts were produced. 

6) The temperature dependence of the hemolytic and 

ghost volumes are explained by the temperature dependence 

of the elasticity of the cell membrane, specifically of the 

cytoskeletal matrix. 
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CHAPTER SIX 

CALCIUM EFFECTS-ON OSMOTIC FRAGILITY AND SIZE 

INTRODUCTION 

The normal internal level of free calcium ion in human 

erythrocytes is extremely low (less than 1 pM [1,2]). 

Furthermore, this calcium is located almost exclusively 

near the membrane [2-4]. This low steady state level is 

maintained by the action of an ATP-driven calcium pump [5], 

balancing the normal small calcium leak. In addition, the 

pump rate is highly temperature dependent [5,6]. 

Increases in internal Ca++ are known to lead to 

alterations in numerous red cell properties. These 

include, a) reduction in cellular deformability measured by 

micropipet [7] and by filtration [B] methods~ b) decrease 

in the cell volume, resulting from selective leaka-ge of 

potassium ions (so-called Gardos effect) and associated 

water [9-11]: c) increase in membrarie ~igidity through the 

action of a calcium-mediated transglutaminase which 

cross-links membrane and cytoskeletal proteins [12-14]: and 

d) reduction in the osmotic fragility of the cells [15-17]. 

Some of these properties are believed to be closely 

interrelated: for example, the reduced deformability has 

been ascribed to either membrane stiffening [8,14,18,19], 

or to the increased internal viscosity caused by the loss 
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of internal water [20]. 

The Gardos effect would be expected to render the 

cells more resistant to osmotic hemolysis by reducing the 

cellular volume, hence lowering the osmotic pressure at 

which the cell would reach hemolytic volume. The effect of 

cross-linking the membrane proteins is less obvious to 

predict. On the one hand, by stiffening the membrane, it 

could make the cell more fragile (see Chapter Five) . On 

the other hand, if the cross-linking were sufficiently 

"strong" (e.g. as with the. action of glutaraldehyde) the 

fragility would be reduced. 

This chapter explores the role played by calcium in 

the hemolytic process in consideration of the above and 

additional detailed mechanisms. 

MATERIALS AND METHODS 

Two drops of blood from a finger prick of a normal 

healthy adult were placed in 10 ml of 300 mOsm calcium free 

phosphate buffered saline (Dulbeccos' PBS [21]) containing 

146.2 mM NaCl, 8.1 mM Na 2HP04 , 2.7 mM KCl, 1.5 mM 

KH 2Po 4 , and 0.5 mM MgC1 2 . This is the so-

called primary dilution solution, in which cells were 

stored for at least one hour prior to experimental 

measurements. Aliquots of 0.1 ml of primary dilution were 

placed in 10 ml of test solution resulting in a cell 

concentration on the order of 10 5 cells/ml. The test 

solutions were made by dilution of primary solution down to 

• 
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the desired osmolality, using distilled water. The 

addition of an aliquot from a 50 mM calcium chloride 

solution (measuring about 125 mOsm) sets the calcium 

concentration. It should be emphasized that the cells were 

incubated at room temperature in calcium-free medium and 

were only exposed to calcium in the hypotonic test 

solution; furthermore, no ioniphores were added to the 

medium. 

Alternatively a calcium-free potassium-rich phosphate 

buffered solution was used for both primary and secondary 

dilutions. This medium containsl56 mM KCl, 8.1 mM 

Na2 HP0 4 , 1.5 mM KH 2Po4 , 2 mM NaCl, and 0.5 

mM MgC1 2 , with a measured osmolality of 300 mosm. As 

above, the secondary hypotonic solutions were made by 

dilution with distilled water, along with added aliquots of 

the 50 mM cac1 2 solution. 

The volume of the cells, and the percentage of ghosts 

in the secondary-dilution suspension were determined by use 

of resistive pulse spectroscopy (RPS), as fully described 

in Chapt~r One. The present chapter is concerned almost 

exclusively with ghost percentages. For this measurement 

the cells were caused to flow through the small current

limiting orifice, under fast flow (4.4 m/s) and high 

electric fields (>6 kV/cm). This procedure leads to an 

optimum separation in apparent size between the peaks of 

ghosts and intact cells, so that the percentages of each 

can be accurately determined [22]. 
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RESULTS 

OsmQtic fragility and protection in PBS 

The protection against osmotic hemolysis caused by 

including 0.1 mM or 1. 0 mM calcium in. the hypotonic medium 

is apparent from examination of the curves in Figure 6-1. 

The higher the external calcium concentration the greater 

is the protection. This effect is not linear with respect 

to calcium concentration, as shown in Figure 6~2: a large 

protectiv~ effect is seen at low calcium conc~ntrations, 

with a gradual leveling off occurring in the percentage of 

ghosts as the concentration increases. 

The solubility of calcium phosphate is such that at 

room temperature it will precipita~e out of the PBS 

solution once the calcium concentration is increased above 

about 2 mM. It was found experimentally possible to 

measure the calcium-induced protection at higher calcium 

concentrations by reducing the temperature to 0°C 

(where apparently kinetic considerations are more important 

than inherent solubility)~ Figure 6-3 gives the results of 

such high-calcium experiments at 0°C. As in Figure 

6-2, a large initial drop is seen in the percentage of 

ghosts with the addition of small amounts of calcium in the 

hemolytic medium, then a leveling off (perhaps with a later 

slight rise) as the calcium concentration is increased to 

high levels. In order to place the two curves on 

approximately the same scale, the experiments of Figures 
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6-2 and 6-3 were performed at different osmolalities. Such 

a step is necessary giveri the large temperature dependence 

of osmotic fragility, as discussed in Chapter Five. 

A more complete data-set showing how calcium protects 

against osmotic hemolysis is given in the kinetic curves of 

Figure 6-4. This figure shows the percentages of ghosts 

formed at room temperature, for cells exposed to 130 mOsm 

PBS solutions, containing various concentrations of 

calcium. For the low calcium concentrations (0 to 0.1 mM) 

at least fifteen minutes is required before a steady state 

is achieved for ghost production. As the calcium 

concentration is increased, the time to attain this steady 

state occurs earlier and earlier, and with the use of 1 mM 

calcium, it is actually reached within about 30 seconds. 

It may appear that, since increasing concentrations of 

calcium progressively reduce the final steady state 

percentage of ghosts, the fast achievement of the steady 

state for high calcium is just a secondary consequence of 

the low final percentage of ghosts. However, this is not 

the case, as can be seen in· the· results of Figure 6--5. 

This figure shows the kinetics of ghost production for a 

different kind of combination of osmotic stresses and 

calcium concentration. For the 0 mM (at 130 mOsm PBS) and 

0.1 mM (at 125 mOsm PBS) calcium solutions, fifteen minutes 

is still required to reach the steady state. However, for 

the 1. 0 mM calcium solution (at 120 mOsm PBS), which has 

the highest final percentage of ghosts, the steady state is 

• 
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reached within 30 seconds, as it was in the experiment of 

Figure 6-4. 
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The change in the hemolytic rate with increasing 

calcium can be quantitated in the form of the times 

required to reach 75% of the final steady state ghost 

values. These times are plotted in Figure 6-6, for the 130 

mOsm data taken from Figure 6-4. Clearly, the higher the 

calcium concentration, the quicker the hemolysis. Note, 

however the existence of a possible threshold for this 

behavior at low calcium concentrations. 

Size effects 

Another interesting biophysical effect of calcium is 

its influence on red cell size. The kinetics of apparent 

size change that occur to cells exposed to hypotonic 

solutions of a single osmolality (135 mOsm) but containing 

various concentrations of calcium, are shown in Figure 6-7. 

The first minute of these curves is given in expanded form 

in Figure 6-8. High calcium concentrations evidently 

reduce th~ size of the cells at early as well as later 

times. For the earliest times (Figure 6-8) there is 

essentially no difference between the values for 0.1 and 

l. 0 mM calcium. However, for times greater than about one 

m~nute, the curves separate clearly, with the 1 mM calcium 

solution inducing the smallest apparent cell size. 
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Osmotic fragility effects in high KCl medium 

Osmotic fragilities were also measured in phosphate 

buffered potas~ium chloride solutions containing varying 

concentrations of calcium. Since the enhanced potassium 

out-flux due to increased internal calcium (i.e. Gardos 

effect) is passive, high external potassium levels will 

inhibit the outward flux of potassium ions, and thus reduce 

the shrinkage of the cells [23] o In such a high KCl 

medium, calcium is still able to reduce the final 

percentage of ghosts (Figure 6-9), although to a much 

lesser degree than in PBS (Figure 6-2) o (This result is 

not inconsistent with the passive diffusion idea, as 

discussed in the next section.) After the calcium 

concentration exceeds about 0.75 mM (Figure 6-9), the 

percentage of ghosts begins to increase, reversing the 

protective effect of calcium. 

The kinetics of ghost formation in this KCl medium is 

shown in Figure 6-10. Four main differences are seen as 

compared to the results from the high NaCl medium of PBS 

(Figure 6-4}: 1) stead~ states are ~ot reach~d in high KCl, 

even after as long as thirty minutes in the presence of 

high calcium; 2) there is very little effect of calcium or 

of difference in calcium concentration on either the rate 

of hemolysis itself or on the final steady st~te ghost 

percentage attained; 3) there appears to be a small effect 

of calcium whereby the 0.1 and 1.0 mM curves cross over 

each other at about 5 minutes post exposure time; and 4) 
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the cells are overall considerably more fragile in the 

KCl-rich solutions as compared with NaCl~rich PBS 

solutions. 

DISCUSSION 

Additional calcium effects on fragility 
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From the results stated abbve, there ar~ two m~jor 

effects of calcium on hemolyzing cells. The first is that 

calcium inhibits osmotic hemolysis ·(Figure 6-1), a result 

generally known from previous work using other methods 

[15-17]. For example, Lake et al [16] measured the 

differences in fragility of cells that were incubated with 

the ioniphore A23187, so as to increase internal calcium 

levels, prior to exposure to hypotonic media. For the 

present results, no ioniphores were used, and the cells 

were incubated in calcium-free medium. Thus the fragility 

changes measured are due to calcium effects mediated by the 

native membrane alone, effects occurring during the very 

short time following abrupt exposure of the cells to the 

hemolytic medium. 

The second effect has not been previously reported. 

It is that in PBS solutions, calcium increases the rate of 

hemolysis, i.e. the cell population reaches the steady 

state much faster when increasing-high calcium 

concentrations are present in the hemolytic medium (Figure 

6-6) 0 



161 

Once a cell is exposed to a hypotonic medium, it 

swells rapidly from the inward flow of water to achieve a 

balance of osmotic pressure across the cell membrane. 

After the cell has swollen to a sphere, further swelling is 

presumed to stress the membrane. It has been argued that 

under this circumstance calcium should be the first ion to 

enter the cell [22], given its high nominal concentration 

gradient from outside to in (over 1000 to 1: [1,2]), and 

given the additional electrical driving force, twice that 

for a monovalent ion such as sodium. Once calcium enters 

the cell, it must evidently act very quickly to be able to 

alter cellular (or membrane) properties in time to prevent 

osmotic hemolysis. 

Ionic/molecular calcium effects 

The two known calcium effects at this level, that have 

relevance to osmotic hemolysis, are the Gar.dos effect and 

the transglutaminase reaction. The Gardos effect is a 

rapid and selective increase in the potassium permeability 

(out~leakage) caused by high internal calcium concentration 

[9,24,25]. It is reported that the rate of potassium loss 

is increased maximally about 10 to 30 fold, i.e. to 70 to 

+ 170 mg K /100 ml packed erythrocytes/hr, when internal 

calcium is increased to either 7 or 200 pM [1,26,27]. For 

purposes of this discussion, I assume that the 

concentrations referred to are representative of free 

calcium concentration, but I recognize the difficulties of 



ascertaining exactly the bound or free state of Ca++ 

with these very small internal concentrations. 
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Transglutaminase is a calcium-mediated enzyme that 

crosslinks specific membrane proteins in the spectrin-rich 

cytoskeleton [13]. This process has a half-maximum rate 

for 0.5 mM calcium, and levels off with slightly less than 

1.0 mM internal calcium [14]. 

Protective effects in low and high K~ mediums 

The Gardos effec~ is known to be virtually completely 

removed when hemolytic experiments are carried out in a 

high potassium chloride solution [23], such as in .the 

experiments of Figures 6-9 and 6-10. In these experiments, 

there is still a slight potassium gradient from inside to 

out, yet it is at least 30-fold less than for the 

corresponding experiments in the PBS solutions. Comparing 

Figure 6-9 with Figure 6-2~ it i~ seen that the protection 

induced by low calcium concentration is greatly reduced in 

the high KCl solution. For example, for the 0.3 mM calcium 

concentration point in high KCl, the drop induced in the 

percentage of ghosts is 13% (77% down to 67% hemolysis) , as 

compared to the 45.3% reduction se~n in PBS (53% down to 

29% hemolysis). At the higher calcium concentrations, in 

KCl, the protective effect reverses and the percentage of 

ghosts actually increases with increasing calcium 

concentration. 
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Low and high calcium effects: An integrated view 

With the above information in hand, it is now possible 

to explain the effects of ·low and high calcium 

concentrations acting in both low and high KCl containing 

solutions, in terms of the two types of calcium effects 

described above. This is accomplished in consideration of 

the differences in rates, and of the calcium 

concentrations, at which these two effects operate 

maximally. Since, of the two, the Gardos effect operates 

at much lower calcium concentrations, it is most likely to 

be the primary cause of the large drop in the percentage of 

ghosts at the low calcium concentrations. Similarly, in 

view of the high calcium concentration required for the 

half maximum rate of cross-linking membrane proteins,. this 

second process must play a relatively larger role in the 

high calcium concentration effects (Figures 6-2. and 6-3). 

As previously noted, in the high KCl medium, the 

Gardos effect is greatly reduced. Furthermore, whatever 

remains acts in the direction of reducing the fragility. 

The transglutaminase reaction must therefore be responsible 

for the high-calcium-induced increase in the ghost 

population (Figure 6-9). Of course, the overall fragility 

in high calcium, high KCl, must still reflect a balance 

including some residual Gardos effect, since even at 1.25 

mM calcium, the ghost percentage is still less than that 

for the 0 mM calcium. 

For the (low potassium) PBS experiments, a balance 
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between these two effects, both operating maximally, must 

also obtain. However, the Gardos effect under this 

circumstance, being unmitigated and consequently much 

stronger, clearly dominates, as evidenced by the low ghost 

percentages and flat portion of the curve, achieved at 

calcium levels greater than 1 mM (Figure 6-2) • In sum, for 

both the low- and high-KCl media experiments, the 

transglutaminase r~~ction renders the cells more fragile,· 

while the Gardos effect operates to protect them.. Only 

when the Gardos effect has been largely eliminated, is a 

net increase in fragility detectable. 

Mechanistic considerations 

Gardos effect. What are the more detailed 

mechanisms by which these opposing effects operate? The 

Gardos effect is known to reduce the cellular volume 

[11,25], and even a small decrease from the hemolytic 

volume stage should substantially increase the resistance 

to osmotic hemolysis. Even for the earliest experimental 

point for exposure to hypotonic medium, some of this effect 

is detected by the RPS volume measurement (Figure 6-8); for 

the later times (1 to 15 minutes) , and higher calcium 

concentrations (Figure 6-7), the differences become more 

apparent and much larger. The faster the volume reduction, 

the greater in general is the extent of volume reduction, 

and the greater the number of cells prevented from 

hemolyzing. 
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Presumably, the cells that would first be prevented 

from hemolyzing are the ones on which the calcium would 

have the longest time to act. These should be the cells of 

the population that were initially "furthest removed" from 

hemolysis, and that would have otherwise hemolyzed last. 

Furthermore, such cells would probably have swelled up the 

least beyond the spherical state, thus the amount of volume 

reduction necessary to protect them would be smallest. As 

the calcitim concentration increases, even cells that would 

have hemolyzed sooner are prevented from doing so, until at 

about 1 mM calcium, all cells that would not have hemolyzed 

until after about 15 to 20 seconds are now unable to do so 

at all. 

Transglutaminase reaction. It has been previously 

hypothesized that the calcium-mediated transglutaminase 

reaction stiffens the membrane [19], but experiments were 

not reported on the effect of this process on fragility. 

The present results have been interpreted in terms of the 

transglutaminase reaction acting to increase RBC fragility, 

in opposition to the Gardos effect's protective action. 

Most likely it would exert this "sensitizing" influence by 

causing a reduction in the hemolytic volume, by reducing 

the permitted amount of membrane stretching. This would 

occur through its previously described crosslinking action 

on the membrane proteins. Recall from Chapter Five that at 

room temperature, the transient hemolytic (critical) volume 

is about 9% larger than the spherical volume first attained 
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by the swelling cell, with the corresponding transient 

increase in surface area being about 6%. The increase in 

fragility induced by the transglutaminase reaction is, 

then, ascribed to its ability to reduce this 6% permitted 

expansion of the surface area, thus rendering the cell more 

susceptible to osmotic stress. 
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SUMMARY 

The effects that calcium exerts on hemolyzing red 

cells are strongly dependent upon the concentration of 

calcium. They are also dependent upon the concentration of 

potassium in the external medium. These effects can be 

summarized as follows: 

1) In low-potassium, low-calcium media, the Gardos 

effe6t domin~tes. That is, calcium induces a selective 

leak of potassium, with a resulting decrease in volume, and 

consequent protection from osmotic hemolysis. 

2) Along with the protection from hemolysis, the steady 

state level of hemolysis is reached ever sooner, for 

increasing calcium concentrations. 

3) In low-potassium, high~calcium media, the osmotic 

fragility becomes independent of the calcium concentration. 

This apparently results from a balance between the contrary 

actions of Gardos effect and transglutaminase reaction. 

4) In potassium-rich, high-calcium media, the (greatly 

reduced) Gardos effect is much less able to dominate over 

the transglutaminase react{on, such th~t the fragility 

actually increases with increasing calcium concentration . 

The transglutaminase reaction, known to crosslink specific 

membrane proteins, most likely acts by reducing the 

stretching of the membrane beyond its initial spherical 

surface area, and thus decreasing the hemolytic volume. 
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