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ABSTRACT 

Nuclepore filter method was improved to investigate the deform

ability of red blood cells (RBCs). The method gives an average 

passage time for single RBCs through 5 ~m pores in the filter as an 

index of the deformability. The deformability of RBCs in fresh 

human blood was studied under varying concentrations of electrolytes 

and proteins in the plasma. RBC deformability was improved as the 

protein concentration in the medium was reduced. Further, effect 

of hyperosmolarity on RBC deformability was found to be much depend

ent on the protein concentration. RBC deformability was reduced 

with increasing osmolarity above 320 mOsmol when the protein concent

ration was normal, however it remained constant up to 370 and 430 

mOsmol when the protein concentration was lowered to 1/3 and 1/6 of 

normal, respectively. 

The interactions between the red cell membrane, plasma proteins 

and electrolytes were studied in another series of experiments. An 

increase in the adsorption of plasma proteins to the red cell surfaces 

was observed with an increment in the ionic strength of the medium 

induced by an addition of NaCl. The following succession of events 

was assumed to interpret these results. An electric repulsive force 

between RBCs and plasma protein~ is weakened by an increased Na+ 

ion concentration. This reduction in the repulsive force increases 

the adsorption of proteins to the surfaces of RBCs. The adsorbed 

proteins will restrict the red cell membrane flexibility, causing 
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a reduction in RBC deformability. Furthermore, results were obtained 

showing that the adsorbed proteins prevent a deterioration of RBC 

deformability with time and that K+ ions have no effect to increase 

the adsorption of proteins to the red cell membrane contrary to Na+ 

ions. It was suggested that Na+ and K+ ions may play an important 

role in controlling the adsorption of proteins to the red cell 

membrane, i.e. in the regulation of the deformability of RBCs and 

in maintaining the red cell membrane functions. 
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1. INTRODUCTION 

Mammalian red blood cells (RBCs) take the well-known biconcave 

disc shape under the static equilibrium conditions. This shape of 

RBCs is remarkably regular and preserved even when the interior 

contents are lost by hemolysis, suggesting that the biconcave shape 

is maintained by the red cell membrane structure and elasticity. 

On the other hand, a number of evidences have shown that RBCs are 

extremely deformable. RBCs take various odd shapes in the flowing 

blood in response to mechanical stresses acting on them. This de

formable character of RBCs has been discussed to be of critical im

portance for blood flow through microvessels. The diameters of 

mammalian capillary vessels range from 10 urn down to 3 urn, mostly 

smaller than that of an unstressed RBC (about 8 urn for human and 

6-8 urn for different species of mammals). The relationship between 

RBC and capillary dimensions is not constant but varies for differ

ent organs depending on the importance of roles of RBCs in their 

physiologic functions. The capillary diameters are relatively 

small in the organs where RBCs play significant roles in their 

functions, while they are relatively large in those where the roles 

of RBCs are less significant. For example, in muscles, where the 

nutritive function of the capillary beds is crucial for the muscle 

contractile ability, the mean diameter of capillaries is 25-45 % 

smaller than that of RBCs (Sobin and Tremer, 1977). RBCs must 

deform considerably in order to pass through those vessels; the 
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deformability of RBCs becomes a determinant factor for the blood 

flow through such fine capillaries. The least diameters of capilla

ries are found in the spleen, whose function is to remove aged RBCs 

from the circulating blood. The selective trapping of aged RBCs in 

the spleen is thought to be due to their reduced deformability com

pared to that of the younger cells. Thus, the deformability of 

RBCs plays critical roles in the nutriating function of capillary 

blood flow and in maintaining the RBC population in the circulating 

blood. 

Both the regular shape and high deformability of RBCs are re

lated to the elastic properties of the red cell membrane. Fung 

(1966) showed that the biconcave shape of RBCs allows an infinite 

variety of shape deformations without accompanying changes in the 

surface area and volume. The importance of the cell geometry for 

the deformability has been confirmed by the observations that the 

stiffness of the red cell membrane against areal stretching is 

much larger than that against uniaxial stretching. The first esti-

mate of the elastic modulus of the red cell membrane was given by 

Katchalsky et al. (1960) based on the sphering phenomenon of RBCs 

in a hypotonic solution. RBCs swell due to the inflow of water to 

be finally spheres as the osmolarity of the surrounding medium is 

reduced. This sphering of RBCs proceeds without changing the 

surface area; when the stretching of the surface area exceeds 7 %, 

the cell membrane ruptures. The estimated value of the elastic 

modulus is 3.1 x 10 7 dynes/cm 2 (corrected by Skalak et al., 1973). 
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Rand and Burton (1964) confirmed the range of this estimate by the 

experiment using glass micropipettes. A part of the red cell 

membrane was sucked into a micropipette with nearly 2 ~m diameter; 

the hemispherical deformation of the membrane in the pipette and 

the applied negative pressure were analyzed using the Laplace re

lation. Their estimates ranged from 7.3 x 106 to 3.0 x 108 dynes/ 

2 cm. Hochmuth and Mohandas (1972) observed the elongation of RBCs 

adhering to a glass surface under the stream of the suspending 

fluid. Their estimation, however, yielded much lower values of the 

order of 104 dynes/cm 2 for the elastic modulus. Further, Hoeber 

and Hochmuth (1970) obtained a value 7.2 x 105 dynes/cm2 by analyz-

ing the time course of recovery of deformed RBCs to their unstressed 

shape. The stiffness of the red cell membrane seemed to vary 

greatly depending on how it was stressed. It has been considered 

that the highest and lowest estimates corresponded to the elastic 

moduli against areal and uniaxial stretchings, respectively. RBCs 

are deformed complicatedly in the capillaries because the deform-

ations are restricted in diameter, but general features of the 

capillary passability of RBCs are consistent with the above obser

vations. When the diameter of a capillary is so small that RBCs 

cannot pass without" deformations accompanying the surface area 

stretching, the passability of RBCs is strictly restricted or 

hemolysis occurs during the passage (Gregersen et al., 1967; Chien 

et al., 1971). 

Since the red cell contains the concentrated hemoglobin 
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solution of about 30 g/dl, the viscosity of the hemoglobin solution 

is supposed to affect the deformability. Dintenfass (1968) esti~ 

mated the internal viscosity of RBCs to be within the range of 1 to 

6 cP. Cokelet and Meiselman (1968) obtained a value of about 6 

cP from measurements on the hemoglobin solutions with concentrations 

around 30 g/dl. These values are unexpectedly low and the internal 

viscosity seems to be too low to affect the deformations of RBCs 

with observed speeds. However, it has been known that deoxygenated 

hemoglobin molecules in sickle RBCs are crystalized within the 

cells to affect not only the deformability but even the shape of 

the cells. The pronouncedly reduced deformability of sickle RBCs 

due to the crystalization of the hemoglobin molecules causes serious 

illness and anemia. Therefore, the internal viscosity may possibly 

become important when hemoglobin molecules or their solubility are 

modified under some pathological conditions. 

These three basic factors; 1) cell geometry, 2) cell membrane 

elasticity and 3) internal viscosity; would be in close relations 

with each other in determining the cellular deformability. Further, 

the regulation mechanisms of these basic properties would involve 

much more intra- and extracellular factors. It has been shown that 

the deformability of RBCs changes under various_internal and ex

ternal conditions. A reduced deformability has been observed in 

aged RBCs (Shiga et al., 1979). A decrease in the deformability 

occurs in hyperosmotic media (Schmid-Schonbein et al., 1969). The 

depletion of ATP inaRBC causes a reduction in the defor~ability 
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(Weed et al., 1969) and alterations in th~ cell shape (Nakao, 1974). 

Impaired deformability of RBCs in several severe diseases and its 

amelioration by some drugs have been reported by several researchers 

(Dintenfass, 1977; Ehrly,1978; Tsushima et al., 1980; Kikuchi et al., 

1980,1981). These findings suggest that the mechanical properties 

of the cell membrane and interior contents of a RBC are closely 

related with the cellular chemical or metabolic states. Problems 

in these aspects of RBC deformability are now extensively· studied 

and providing new knowledges important not only in physiology of 

the microcirculation but also from general points of view of 

functions of the biological membrane and cellular phenomena. 

In the present study a simple but reliable method for the de

formability measurement has been developed and applied to human 

RBCs in fresh whole blood to show an important role of the inter

actions between the red cell membrane, plasma proteins and electro

lytes in the regulation of RBC deformability. The passage of RBCs 

through pores of 5 urn diameter in the Nuclepore membrane filter was 

studied under varying concentrations of plasma proteins and electro

lytes in the suspending fluid media. 

A reduction in RBC deformability under hyperosmotic conditions 

has been reported by several investigators but there remains a dis

crepancy with respect to the extent of the reduction in RBC defor

mability. Schlick and Schmid-Sch5nbein (1975) reported that the 

micropore passability of RBCs suspended in saline remained almost 

unaffected under the osmotic pressure in the range of 200 to 600 
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mOsmol, while Ehrly (1978) noted that the whole blood passage through 

a Millipore filter was much impeded by an increment in osmotic 

pressure from normal 300 mOsmol to 400 mOsmol. Further, Schmid

SchBnbein et al. (1969) observed different extents of reduction in 

the flow rate of RBC suspensions through Millipore filters of 

different pore sizes; the flow rate through 5 urn pores was not much 

affected up to 400 mOsmol, whereas the one through 8 urn pores was 

much reduced. The present study seems to provide a new explanation 

of the discrepancy; the effect of hyperosmolarity on the deform

ability of RBCs strongly depends on the plasma protein concentration 

in the suspending media. This aspect further indicates the im

portance of the RBC-plasma protein interactions for the deform-

ability of RBCs. 

In order to study the interactions between RBCs and plasma 

proteins, measurements were carried out on the total protein con-

centration (T.P.) and colloid osmotic pressure (COP) of plasma and 

on the distribution of l3lI human serum albumin between RBCs and 

plasma. An increase in the adsorption of plasma proteins to the 

red cell surfaces was observed with increasing ionic strength of 

the suspending medium. It was shown that the reduction in the 

deformability of RBCs exposed to hyperosmolarity may be caused by 

the increased amount of adsorbed proteins which would restrict the 

red cell membrane flexibility. The amount of proteins adsorbed to 

RBCs, which was estimated to be close on the number which can form 

a single layer of proteins covering the whole surface of a red cell 

- 6 -



under normal protein and electrolyte concentrations in the plasma, 

seemed to be doubled under 450 mOsmol. The passability of RBCs 

through 5 urn pores was improved as the amount of adsorbed proteins 

was reduced by lowering the protein concentration in the medium. 

Protective effects of albumin on the shape and fragility of 

RBCs have been reported by several investigators. Albumin maintains 

the biconcave shape of RBCs, restores the normal shape of RBCs de

formed by repeated washing with saline (Ponder, 1971) and protects 

RBCs from osmotic and mechanical destructions (Katchalsky et al., 

1960; Williams, 1973). This aspect of the RBC-plasma protein 

interactions was confirmed in the experiment using 3 urn pores; the 

passability of RBCs was often impaired immediately and decreased 

quickly with time when RBCs were suspended in saline •. The changes 

in the red cell membrane structures would be more sensitively re

flected in the passability of RBCs through 3 urn pores, since the 

red cell membrane is forced to deform to a much greater extent 

compared to the case of 5 urn pores. 

Furthermore, an interesting result was obtained concerning with 

the specificity of ions. No increase in the adsorption of plasma 

proteins to the red cell surfaces Vlas observed under comparative 

osmotic pressures Vlhen the osmolarity of plasma was elevated by 

adding KCl instead of NaCl. It is suggested that the distributions 

of Hat and Kt ions betVleen the outside and inside of a red blood 

cell may play an important role in controlling the adsorption of 

plasma proteins, which has been shown to influence the functions 
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and mechanical properties of the red cell membrane. 

A brief description of the blood composition is given in Sect. 

2 as a background for the material in the present study. The method 

for the deformability measurement, which has been developed by the 

present author, is described rather precisely in Sect. 3. The 

present study seems to have owed to the performance of this method, 

which enables reliable measurements in a short time using fresh 

blood samples. Sample preparations, experimental results and dis

cussions are given in Sect. 4, 5 and 6, respectively. The roles of 

Na+ and K+ ions in the red cell membrane functions are considered 

based on the present experimental results in Sect. 7. Some experi

mental results are given in Sect. 6 and 7 for making up the dis

cussions. Calculations of the electric potential around a RBC and 

the van der Waals interaction between a RBC and a plasma protein 

.are given in Appendix. 
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2. BLOOD COMPOSITION 

Blood is a suspension of blood cells in the plasma. Plasma 

itself is an aqueous solution of a numerous number of low molecular 

weight inorganic and organic materials and proteins. The blood 

cells and main solutes in plasma are listed in Tables 1 and 2, res-

pectively. Most of the blood cells are RBCs, whose volume % in 

blood, called "hematocrit", ranges from 40 to 45 % normally, while 

all the other cells amount to less than 1 %. Therefore, from a 

point of mechanical view, the blood can be regarded as a suspension 

of RBCs in plasma. 

The osmolarity of plasma is determined mainly by sodium and 

chloride ions, being in the range of 280 to 300 mOsmol. The total 

protein 'concentration ranges from 6 to 8 g/dl, which gives the 

colloid osmotic pressure from 20 to 30 mmHg. 

The dimensions and composition of the red cell are shown in 

Fig. 2-1 and Table 3, respectively. RBCs are formed in the bone 

marrow and released in the circulating blood after matured in it. 

An immature RBC possesses a nucleus, which is shed during the 

maturation. RBCs circulate for about 120 days and aged RBCs are 

destroyed'in the spleen. 'Despite the lack of a nucleus and mitochon-

dria, RBCs are metabolically active. The cell membrane possesses 

Na+ - K+ exchange pumps, which pump Na+ out and K+ in against 

electro-chemical potential gradients using energy produced from the 
. 

glucose metabolization. 

- 9 -



Most of white cells are bigger than RBCs and their deformability 

is thought to be less than that of RBCs. Therefore, white cells 

may block the capillary vessels transiently, causing an interference 

to the blood flow through the microcirculation. However, the inter

fering effect is usually negligible because of the small number of 

white cells (1-2 per 1000 RBCs). Platelets are more numerous than 

white cells (SO-lOO per 1000 RBCs), but their influence to the 

mechanical properties of blood is also negligible because of the 

small size. Both white cells and platelets become important under 

pathological conditions. 

Plasma is a Newtonian fluid with viscosi~y 1.2 cP at 37°C. 

Whole blood shows a strong non-Newtonian behavior; the viscosity 

decreases markedly with increasing shear rate. It has been shown 

that the steep increase in the viscosity at low shear rates below 

-1 1 sec is caused by the progressive aggregation of RBCs and that 

the gradual decrease at high shear rates by the deformation of RBCs. 
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Cell 

Red blood cell 

(Erythrocyte) 

'VJhi te blood cells 

(Leucocytes) 

Total 

Granulocytes 

Neutrophils 

Eosinophil 

Basophil 

Lymphocytes 

Monocytes 

Platelets 

Number/mm3 

4-6 x 106 

4-11 x 103 

1.5-7.5 x 103 

0-4 x 102 

0-2 x 102 

1-4.5 x 103 

0-8 x 102 

250-500 x 103 

Unstressed shape 

and dimensions (urn) 

Biconcave disc 

8 x 1-3 

Roughly 

spherical 

7-22 

Rounded or 

oval 2-4 

Table 1. Cells in blood (Caro et al., 1978) 
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45 
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Haterial Concentration Nolecular Nolecular 

(g/lOO ml) weight xlO -3 dimensions (nm) 

\'la ter 90-92 

Proteins 

Serum albumin 3.3-4.0 66 l5x4 

Cil globulins 0.31-0.32 44-200 

Ci2 globulins 0.48-0.52 150-300 

B globulins 0.78-0.81 90-1300 20-50 

Y globulins 0.66-0.74 160-320 23x4 

Fibrinogen 0.34-0.43 400 50-60x3-8 

Inorganic 

constituents 

Cations 

Sodium 0.31-0.34 

Potassium 0.016-0.021 

Ca:J,.9 ium 0.009-0.011 

Hagnesium 0.002-0.003 

Anions 

Chloride 0.36-0.39 

Bicarbonate 0.20-0.24 

Phosphate 0.003-0.004 

Table 2. Outline of composition of plasma (Caro et al., 1978) 
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. . . , . . . . . 

. :. -.- : ..... 

r--- 7.82±.O.62 urn -1 

Volume = 94±14 um3 

Surface area = 135±16 um2 

Fig. 2-1. Diagram of an unstressed red blood cell 
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(Fung, 1977) 



vIa ter 

Membrane components 
(protein, phospholipid, cholesterol) 

Hemoglobin 

Inorganic: 

Potassium 

Sodium 

Hagnesium 

Calcium 

Table 3. Composition of the red cell 
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Percentage of mass 

65 

3 

32 

O.420g/l00 ml 
O.025g/l00 ml 
O.006g/l00 ml 
small amount 

(Caro et al., 1978) 



3. METHODS 

a) RBC deformability 

a-I) Introductory remarks to the RBC deformability measurement 

Several investigators have ~ade great efforts to quantify the 
deformability of RBCs as definitely as possible to analyze it based 
on the mechanical properties of the red cell membrane and intra
cellular contents (Rand and Burton, 1964; Hoeber and Hochmuth, 1970; 
Hochmuth and Mohandas, 1972; Bessis and Mohandas, 1975; Bull and 
Brailsford, 1975). Their methods, however, require troublesome 
procedures and a long time for measurement and further involve arti
ficial modifications of blood samples. Largely scattering values 
reported in their studies seem to have been caused probably by the 
time wasting and highly artificial procedures of the methods. As 
described in Sect. 1, RBC deformability changes with time depending 
on the cellular metabolic states and is strongly influenced by the 
composition of the surrounding plasma~ Further, only to wash RBCs 
with saline often causes an impairment in the deformability. These 
results indicate that RBC deformability should be measured on whole 
blood in a short time after the sampling if informations relevant 
to in-vivo conditions are to be obtained. However, available 
methods which are suitable for whole blood are restricted to quali
tative measurements. For the study of changes in RBC deformability 
under different environmental conditions and of the regulation 
mechanisms of RBC deformability, methods are required Hhich can give 
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quantitative results with an accuracy within 10 % in a short time 
using whole blood. 

a-2) Development of the present method 

The present method satisfies the above requirements to some 
extent. It is based on the filtration method which was initiated 
by Teitel (1965). Gregersen et al. (1967) used newly developed 
Nuclepore membrane filters, which have straight cylindrical pores 
of constant defined diameters, to quantify RBC ,deformability by 
passability of a RBC through a pore using pore size of 2-3 um. 
Reid et al. (1976) constructed a simple apparatus for the Nuclepore 
membrane filter method and applied it to the use of whole blood; 
volume flow rate through a filter with 5 um pores under 20 cmH2 0 
pressure difference was taken as an index of RBC deformability. 
Because of its simplicity, the method of Reid et al. has been used 
by many researchers. However, their measurements showed a large 
scattering in the healthy subjects and a simple calculation of the 
blood passage time through the 5 um pore and the driving pressure 
showed a large discrepancy from the values expected for the blood 
flow in capillary blood vessels in-vivo (Kikuchi et al., 1979). A 
lack of consistency was experienced also in our trials using an 
apparatus constructed according to their description. 

Such experiences motivated the author to examine the Nuclepore 
filter method. It became clear that air bubbles adhering to the 
filter had caused largely different blood flow rates in serial 
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measurements. A technique which enables complete removal of air 
bubbles from the filter improved the reproducibility to a great ex
tent and at the same time increased the volume flow rate of whole 
blood by more than ten tines (Kikuchi et al., 1979). Further, the 
improved reliability made clear that the flow rate of blood through 
the filter is dependent on the henatocrit; consequently flow rate 
alone "is an insufficient measure of RBC deformability. A simple 
analysis of the observed dependence on hematocrit made it possible 
to estimate an average passage time for single RBCs through pores 
of 5 urn in diameter and 10 urn in length (Kikuchi et al., 1980). 
This quantity is more suitable as an index of RBC deformability. 
In addition, some technical improvements of the original apparatus 
has been made for a routine use. A washing system was added and 
electrically-operated valves were fully installed. It has become 
possible to repeat measurements at three minute intervals with an 
accuracy within 5 %. This improved filtration method has shown its 
usefulness in a basic study of RBC deformability (Kikuchi and Koyama, 
1981) and in clinical applications (Kikuchi et al., 1980, 1981). 

a-3) Apparatus and operations 

A diagram of the apparatus is shown in Fig. 3-1. The electric 
circuit to control the solenoid valves is given in Fig. 3-2. Blood 
is introduced into the 0.5 ml graduated cylinder (S), which is con
nected to the inlet of the filter holder (H), up to a level about 
0.1 ml above the top graduation. The b160d is made to flow through 
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the filter by applying 10 cmH2 0 negative pressure in the bottle CA), 
"which is a filtrate reservoir, and opening the valve Ca). The mo-
ments when the upper surface of the blood crosses every 0.05 ml 
graduation from 0.5 to 0 ml graduation are timed by an electronic 
timer. The times are printed out or stored in rc memories and used 
for the estimation of a mean pore passage time of single RBCs des-
cribed below. Complete removal of air bubbles from the filter is 
essential for reproducible measurements. To accomplish this, saline 
is rapidly drawn from the bottle (C), which is a saline container, 
through the filter into the bottle (B), which is a waste reservoir, 
by applying strong negative pressure in (B) and connecting the aspi
rating nozzle (N) to the inlet of the graduated cylinder (S). The 
upward stream of saline takes away any air bubbles trapped in the 
pores of the filter. The aspirator (Yamato Scientific Co., LTD., 
WP-45) provides two levels of negative pressure; one adjusted to 10 
cmH20 by a leak valve for the measurement and the other maximum 
negative pressure for making rapid stream of saline. Saline which 
fills the graduated cylinder (S) when the suction is stopped is made to 
flow through the filter by applying 10 cmH

20"negative pressure in 
(A) and opening Ca), i.e. the same pressure difference for the blood 
measurement. The time for 0.5 ml of saline to flow is measured by 
the timer in order to check the filtering property of the filter, 
i.e. proper pore density and tight package in the holder. Then 
saline is again strongly sucked into (S) from CC). The saline 
filling CS) is drained this time by opening (a) without applying 
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negative pressure. Valve (a) is closed when the top surface of the 
saline comes to the zero graduation in (S). A blood sample is 
gently introduced onto the small quantity of saline remaining at 
the bottom of (S). As the filter is not exposed to air, no more 
air bubbles remain adhering to the filter. After the blood is drawn 
for measurement, the graduated cylinder and the blood flow path are 
flashed with saline. By applying the maximum negative pressure in 
(A) and opening the valves (a) and (b), saline is rapidly drawn 
from (C) into (A) to clean the path beneath the filter holder. 
Saline can also flow rapidly upward or downward through the gradu
ated cylinder, filter and holder to clean them. Each process of 
washing and removing air bubbles can be done automatically by 
pressing one button on the control panel. Although a used filter 
can be cleaned and similar results may be obtained with a cleaned 
filter, a new filter was used for every measurement to increase 
reliibility •. 

a-4) Flow characteristics of whole blood 

The flow rate of blood is not constant but decreases slightly 
during the passage through the filter since the actual pressure 
difference, which exceeds the applied one by the weight of blood 
sample in (S), is reduced as the blood sample is drawn. The cor
rection for this change in pressure difference is easily made by 
multiplying the observed flow rate, which is determined for every 
0.05 ml sample volume, by (6Po+ pgh o )/(6P o+ pgh) o~ (6P o+ pgh)/6P o , 
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where h is the corresponding hight of blood sample in (S) from the 

o graduation; ho, length from 0 to 0.5 ml graduation; ~Po, pressure 

difference when h=O; p, specific gravity; g, acceleration of gravity. 

The flow rate is corrected to the one for the initial (h=h o) or 

final (h=O) pressure difference, respectively. Examples of corrected 

and uncorrected flow curves are shown in Fig. 3-3. The corrected 

ones are almost linear as expected. 

Since whole blood contains less deformable white cells, it is 

necessary to consider their effect on the blood flow through the 

filter; the pores in the filter might be blocked by white cells, 

causing a pronounced decrease in the blood flow rate. The number 

of open pores may change with time due to the blocking of open pores 

and reop~ning of blocked pores. The following rate equation seems 

to be usable to simulate the change in open pore number; 

dN en; = - aN + S(N o- N) (1) , 

where N is the number of open pores; No, total number of pores; a, 

rate constant of blocking; S, reopening rate constant. This equa

tion can be easily solved to give the volume flow rate as 

dV 
at (2) , 

where k is the proportionality constant of flow rate to open pore 

dV 
number ( <rE = kN ). Integrating the above equation, the flo"l curve 

is given as 

V = ka~t3Not + k(a~6)2No(l-exp(-(a+B)t) (3) • 

a is related to the white cell concentration C in the blood sample 
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as et = Ck 

The following consideration seems to be ~ecessary to obtain the 
relation between S and the mean pore passage time of white cells T. 
If it can be assumed that all white cells have the same pore passage 
time of T, then the following equation 

~ = - et 1'; ( t) + aN ( t - T ) 

becomes available to give N. The both models (1) and (5) give 
similar changes in N as shown in Fig. 3-4. N approaches to a con-
stant value, i.e. a steady state is attained where the pore block-
ing rate and reopening rate are equal with each other. By com-
paring the steady state values of N in the above two equations 
(1) and (5), the relation between Band T can be obtained. The 
steady state value of N in the latter equation (5), which cannot 
be given in a simple form, can be approximated by the values of N 
at times t = T, 2T, 3T, ----j 

( ) -etT t = T, N T = Noe 

t 3 'T (3) "'J -etT (-2aT+ 2 -etT+ 1 2 2) = T, 1, T = l 0 e e aTe -;[ et T 

. . . . . . . . . 
By equatinga~BlJo with one of the above equations, B can be calcu
lated from T. The curves 2 and 3 in Fig. 3-4 were given from the 
equation (1) using B determined from et~BNo = N(T), N(2T), respec
tively. As can be seen in the figure, the first approximation 
seems to be sufficient for the present accuracy of the measurement. 
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Then, the following equation 

T = ;In(lt1f ) (6) 

is availabe. This becomes a simple relation of S=l/T for the case 

of a/S«l. An example of flow curves simulated using the equation 

(3) is shown in Fig. 3-5. The characteristic change in the flow 

rate becomes more prominent as the mean pore passage time of white 

cells becomes longer. 

Bagge et al. (1977) measured the time length for agranulocyte 

to be sucked into a glass micropipette with nealy 5 um diameter. 

A typical value was given to be about 0.4 sec for the granulocyte 

to be finally deformed to a cylindrical shape of 5 urn in diameter 

and 19 urn in length under a pressure difference of 4 cmH20. There

fore, the mean passage time of granulocytes through the pores of 

5 urn in diameter and 10 urn in length may be estimated to be around 

0.1 sec under the present pressure difference. As can be seen in 

Fig. 3-5, this estimation suggests that the effect of white cells 

on-the blood flow through the 5 urn filter might be less than 5 %. 

This was confirmed by comparing the flow rates of white cell poor 

blood samples with those of whole blood samples. The interfering 

effect of white cells will be negligible unless their deformability 

might be impaired by sample preparation procedures. 

a-5) Hematocrit dependence of the blood passage time 

An example of measurements on whole blood of 16 healthy sub

jects is shown in Fig. 3-6. The passage time of 0.5 ml blood 
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through the filter was corrected to the one under the pressure 

difference of 10 cmH
2

0 and plotted against the hematocrit value. 

Blood was taken using heparin as an anticoagulant at a ratio of 100 

units per 1 ml blood. Blood samples were kept in a water bath of 

37°C and measured within 30 minutes after the sampling. As is seen 

in the figure, the variation in the whole blood passage time is 

moderate. This suggests that RBC deformability may be well cont

rolled in normal subjects. It is also apparent that the whole 

blood passage time is related to the hematocrit value. This hema

tocrit dependence was further studied in 6 subjects, to whom differ

ent marks are given in the figure. Blood was diluted with fresh 

plasma of the same donor and immediately measured. The results are 

shown in Fig. 3-7. A linear relation between the blood passage 

time and hematocrit can be seen for hematocrit values below about 

30 %. Open circles in the figure show white cell poor blood samples. 

Whole blood was centrifuged at 5000 G for 10 minutes. The upper 

half of the red cell column containing buffy coat was thrown away 

and the remaining lower half was remixed with the plasma. Al-

. though white cells might not be completely removed, the number of 

white cells would be reduced to a great extent by this preparation. 

The effect of white cells on the whole blood passage time was unde

tectable under our experimental conditions as suggested in the 

previous subsection. 
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a-6) Deformability index 

An anlysis of the observed hematocrit dependence was given 

based on a simple filtration model (Kikuchi et al., 19BO). The 

model, which is applicable below hematocrit 30 %, gives an equation 

expressing the linear relation: 

T = { 1 . V 
P 

h t a.!-.£. 
+ -.( T - -'- )}/(A·d·S) 

a cp Vp 
(7) , 

where T is the time required for a unit volume of blood to pass 

through the filter; T , average pore passage time of single RBCs; cp 

Vp ' flow velocity of plasma in a pore; ht' hernatocrit expressed as 

a decimal; a, average length of a REC contained in a pore (mean RBC 

volume/S); .£., length of a pore, i.e. thickness of the filter (10 urn); 

A, area of the filter effective for filtration; d, pore density; 

S, cross sectional area of a pore~ 

A schematic time course of a RBC passage through a pore is 

shown in Fig. 3-B. The blood passage shown in the figure takes a 

time length of T +(b-.£.)/V and a blood volume of (a+b)S flows in cp p 

that time length. The blood volume passing through the whole filter 

in the same time length is given by multiplying (a+b)S with the 

total pore number of A·d. Therefore, T is given as 

T = {T +(b~.£.)/V }/(a+b)·A·d·S cp p (B) • 

While a and b should be related with hematocrit h t as 

a/(a+b) = h t 

on an average. By putting this relation into (B), the equation (7) 

is obtained. Applying this equation to measured T and ht' which 

must be less than 0.33 (=a/(a+.£.), a~5um), T can be estimated. 
cp 
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Fig. 3-8. A schematic representation of the passage of a red blood 

cell through a pore of 5 ~m in diameter. 
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Vp can be determined by dividing the flow rate of plasma (the value 

at hematocrit 0 % in Fig. 3-7) with A·d·S, which is the total area 

in the filter across which flow occurs. 

T is used as an index of RBC deformability in the present 
cp 

study. T may be affected by the lubrication factor acting betcp 

ween the surface of a deformed RBC and the inner wall of the pore. 

In spite of this drawback, T seems to be a well quantified index cp 

of RBC deformability at the present as clearly seen in the diagrama-

tic representation of the RBC passage given in Fig. 3-8. Further, 

this index might be advantageous since it is directly relevant to 

the passability of RBCs through blood capillary vessels in-vivo. 

In this sense, T should be designated as an index of the micropore cp 

passability of RBCs. Since the term RBC deformability is used 

rather in a wide sense and it is certain that the importance of RBC 

deformability is exhibited in the passability of RBCs through capi-

llaries, the two terms RBC deformability and the micropore pass-

ability of RBCs are used in the same meaning in the following des-

cription. 

b) Hematocrit 

A small portion of each blood sample was centrifuged at 11,000 

rpm for 5 minutes using a hematocrit centrifuger and microhematocrit 

tubes. The ratio of the length of separated red cell column.·to the 

total length (red cell column plus plasma column) in the tube gives 

the hematocrit (volume percent of RBCs in blood). An average of 
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coupled measurements was taken as the hematocrit. 

c) Ionic osmolarity 

The fluid portion of each sample was separated by centrifugation. 

The osmolarity of the fluid was determined by an osmometer (Knauer 

Co.), which measures the depression in the freezing point of the 

fluid due to the ion concentration. 

d) Total protein concentration (T.P.) 

The refractive index of the fluid medium saparated from each 

sample was measured by an Abbe type refractometer (Atago Co.). 

The following equation was used to calculate the total protein con

centra tion from the refractive index: 

T.P. = (n - 1.33529)/0.00191 

where n is the refractive index of the medium.. This equation was 

proposed by Yoshikawa (1945) as a slight modification of the Reiss' 

equation (Sunderman, 1944). In the measurement of T.P. in hyper

osmotic media the contributions of the increased ion concentrations 

in the refractive index were corrected with the values detemined by 

the osmolarity measurement. 

e) Colloid osmotic pressure (CO?) 

The colloid osmotic pressure Vlhich is caused by the thermal 

motions of protein molecules in the plasma VIas measured by means of 

a new needle type colloid osmometer which has been developed by 
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Kakiuchi et al. (1979). The measurement can be made on blood samples 

without centrifuging them. COP can be determined independently of 

the ion concentrations of blood samples. 

f) Distribution of radio-isotope labeled human serum albumin 

The y radiations from 1311 human serum albumin were counted by 

a scintillation counter on the same volumes of separated red cell 

and plasma portions. The measurements were carried out at the 

Isotope Center of Hokkaido University. 
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4. SAMPLE PREPARATIONS 

Since the microrheological properties of RBCs are unstable with 
time and readily influenced by the changes in the environmental 
conditions as described before, the following procedures were adopted 
to ~ininize the preparation tice and artificial treatments added on 
blood samples. 

20 ml venous blood was taken from each of healthy volunteers 
into a disposable syringe containing 1 ml heparin sodium solution 
(1,000 units) as an anticoagulant. Plasma was separated from the 
blood by centrifugation at 5,000 G for 10 minutes. Five plasma 
samples having osmolarities of five different levels were prepared 
by adding appropreate amounts of NaCl to the plasma. At the same 
time five NaCl solutions with osmolarities similar to those of the 
plasma samples were prepared by adding NaCl to saline. Then, blood 
was again taken from the same donor and divided into ten portions, 
which were diluted with the prepared plasma samples and NaCl 
solutions, respectively. For the sake of brevity, the two kinds of 
samples are distiguished as PD (plasma diluted) and SD (saline 
diluted) samples, respectively, in the following descriprion. 
The PD samples have lowered hematocrits, different osmolarities and 
~ ~onstant plasma protein concentration. Whereas the SD samples 
have lowered hematocrits and different osmotic pressures in a 
similar fashion but are distinguished from the PD sanples in having 
decreased concentrations of plasma proteins. For the sake of 
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comparison serum samples were prepared for two subjects by centri-
fuging defibrinited blood and used to dilute blood instead of adding 
plasma. Since no difference was observed between serum diluted and 
PD samples in the micropore passability of RBCs, the serum cases 
are included in PD in the following description. The pore passage 
times of RBCs were measured after 10 minutes incubation at 37°C. 
Then, hematocrit and osmolarity of each sample were determined using 
a small portion of the sample. 

For the measurements of the total protein concentrations (T.P.) 
and colloid osmotic pressures (COP) of the suspending media, the 
sampled blood was first diluted with plasma or saline having normal 
osmolarity and then divided into five portions, each of which was 
added crystalline NaCl to increase the osmolarity. The blood 
samples prepared in this way have the same number of RBCs in a unit 
volume; the changes in the cell volume due to the different osmotic 
pressures of the media are reflected in the changes in the hema-
tocrit between the samples. COP was measured directly on the blood 
samples,while T.P. was measured on the fluid portions separated 
from the samples by centrifugation. 

Similar steps were taken to prepare samples for the experiment 
using radio-active isotope labeled albumin. 50 ul saline containing 

131 . 25 ug I human serum albumin v:as added to 21 ml of the sampled 
blood. The blood was divided into seven portions, three of which 
were added NaCl and the other three were added KCl, while the remain-
ing one was used as the control sample. The osmolarities were inc-
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reased to three levels of 350, 400 and 450 mOsmol. After 5 hours 
incubation at 20°C, each sample was centrifuged at 5,000 G for 10 
minutes. The radiation was counted on the same volumes of plasma 
and red cell portions. 

As the final experiment different amounts of RBCs washed with 
saline were added to the separated plasma samples. The suspensions 
were again centrifuged after 20 minutes incubation. The plasma T.P. 
was measured on the newly senarated fluid media. 
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5. EXPERIMENTAL RESULTS 

The r~lations between the blood passage time and experimentally 

altered hematocrit in PD samples having normal osmolarity are al-

ready shown in Fig. 3-7. The results obtained in SD samples are 

given in Fig. 5-1, ~here the relations show an upward concavity in 

contrast to the linear relations in PD samples. In Fig. 5-2 a 

comparison is made between PD and SD samples in one subject. For 

the sake of further comparison, the relation obtained in RBC sus-

pensions in saline, which were prepared using freshly separated 

RBCs of the same subject (the samples are denoted as SS), is shown 

in the same figure. The linear relations in PD and SS samples 

indicate, as previously shown in Sect. 3, the same micropore pass-

ability of RBCs in different PD samples and the same fact for the 

SS samples. Furthermore, it is noteworthy that the both curves 

inter-sect the ordinate at the alcost same heights, i.e. plasma and 

saline without RBCs (hematocrit 0 %) showed the almost same passage 

times. This is probably because of the small difference in the 

viscosity between plasma and saline and further because of the 

short pore length of 10 urn, which seems to be too short for deve-

loping the Poisseuille flow in the pore which makes the flow re-

sistance to depend linearly on viscosity. In other words, 

differences in the blood passage time are irrespective of the vis-

cosities of the media but are attributable to the differences·in 

the hematocrit and in the pore p~Esage time of RBCs. Therefore, 
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the nonlinear relation in SD samples shown in Fig. 5-2 indicates 
different micropore passability of RBCs in different SD samples, 
which seem to result from the altered plasma protein concentrations 
in SD samples. vlhereas the protein concentrations kept constant in 
PD and SS samples would yield the same pore passage times of RBCs 
in them. The pore passage times of single RBCs were estimated from 
the blood passage times and hernatocrit values given in Fig. 5-1 and 
are plotted against T.P. in the media of SD samples in Fig. 5-3. 
As can be seen in the figure, the micropore passability of RBCs is 
increased as the plasma protein concentration in the suspending 
medium is reduced. 

The relations between the blood passage time and hematocrit in 
PD samples having elevated osmolarities are shown in Fig. 5-4. The 
blood passage time seems to increase linearly with hematocrit up to 
20 % with a different slope depending on the osmolarity. Much 
greater increases in the blood passage time were seen at hematocrit 
30 % especially in the samples having higher osmolarities (not shown 
·inthe figure). The linear relations shown in Fig. 5-4 indicate 
that the increased passage times of the samples having hematocrits 
below 20 % under hyperosmotic conditions are mainly caused by the 
reductions in the micropore passability of single RBCs, while the 
nonlinear increases seen above hernatocrit 20 % show that the contri
butions of RBC-RBC interactions b~come important at higher hemato
crits and elevated osmotic pressures. 

The upward concavity observed in the relations between the 
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blood passage time and hematocrit in SD samples (Fig. 5-1) was much 
pronbunced under hyperosmotic conditions. The pore passage times 
of RBCs in PD and SD samples having the same hematocrit values but 
different osmolarities are compared in Fig. 5-5 (hematocrit 10 %) 
and in Fig. 5-6 (20 %). The protein concentrations are equal with 
each other in SD samples with the same hematocrits. As can be 
clearly seen in Fig. 5-5, the relations between the pore passage 
time of single RBCs and the osmolarity of the medium are strikingly 
different in PD and SD samples. The pore passage time of single 
RBCs is constant up to 430 mOsmol in SD samples, while it increases 
at 320 mOsmol in PD samples. The different values in PD and SD 
samples at the same normal 300 mOsmol corresponds to the different 
blood passage times seen at hematocrit 10 % in Fig. 5-2 and the 
difference in the pore passage times at normal T.P. and around 1 
g/dl in Fig. 5-3. In the case of hematocrit 20 % (Fig. 5-6), the 
pore passage time of single RBCs starts to increase at 370 mOsmol 
.in SD samples. This result seems reasonable as the protein concent
ration is higher than in SD samples of hematocrit 10 %. The rela
tion in PD samples coincides with the one in Fig. 5-5 as expected 
from the linear increases in the blood passage time shown in Fig. 
5-4. The marked differences in the effect of hyperosmolarity on 
the micropore passability of RBCs .in PD and SD samples seem to be 
again closely related with the different protein concentrations in 
the suspending media as can be supposed from these results. 

The T.P. in the fluid media decreases markedly with increasing 
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osmolarity in PD samples (Fig. 5-7a). Whereas no changes in T.P. 
were observed when the osmolarity of plasma was increased up to 700 
mOsmol without the presence of RBCs (Fig. 5-8). Therefore, the 
reduction in T.P. is related to RBCs or to some interactions bet
ween RBCs and plasma proteins. A part of the reduction is obviously 
due to a simple plasma dilution, as water shifts from RHCs to plasma 
by the experimentally elevated osmolarity of the plasma. The amount 
of the water shifted can be estimated from the decreases in the 
hematocrit of the samples. The levels of protein concentrations 
expected from the water shifts are shown by the dotted lines in Fig. 
5-7. The actually observed reductions in the protein concentration 
clearly exceed the estimated levels as shown by the solid lines in 
Fig. 5-7a. The excess reduction in the protein concentration in 
the medium is supposed to be caused by the interactions between RBCs 
and plasma proteins which would be strengthened under hyperosmotic 
conditions. On the other hand, the protein concentrations in 3D 
samples decrease slightly in accordance with the plasma dilution 
due to the water shift (Fig. 5-7b). When these results are compared 
with the relations shown in Fig's 5-5 and 5-6, it can be said that 
the great~r the decrease in the plasma protein conce~tration, the 
longer becomes the pore passage time of single RBCs. The relations 
between the protein concentration and osmolarity in PD samples 
obtained at three hematocrit values are shown in Fig. 5-9. The 
excess reduction in the protein concentration was estimated at a 
constant osmolarity as the difference between the solid and dotted 
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lines. Thus, the excess reduction in the protein concentration due 

to the RBC-protein interactions could be plotted against the hema

tocrit value. An example obtained at the osmolarity of 400 mOsmol 

is shown in Fig. 5-10. 
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6. DISCUSSION 

The most obvious difference between the PD and SD samples exists 
in the concentrations of plasma proteins in the fluid media as often 
noted in the previous sections. Therefore, it seems reasonable to 
attribute the observed striking differences in the effect of hyper
osmolarity on the micropore passability of RBCs in PD and SD sanples 
to the different plasma protein concentrations in the fluid media. 
Since the RBC surface is in close contact with the surrounding fluid, 
there should be interactions between the RBC membrane constituents 
and plasma proteins in the medium. The interactions, which will be 
modified by the concentrations of plasma proteins themselves and 
ions in the medium, will significantly influence the physical pro
perties of the RBC membrane. The importance of the interactions 
between the cell membrane constituents and proteins within the cell 
at the inner surface has been noted by Weed et al. (1969) in studies 
on the effect of cellular metabolic states on RBC deformability. 
The interactions between the outer surface of the cell membrane and 
plasma proteins have been partly exhibited as a protective effect 
of albumin against the cell membrane rupture due to hypoosmolarity 
(Katchalsky et al., 1960) and strong mechanical stresses (Williams, 
1973). The importance of the RBC-plasma protei~ interactions for 
RBC deformability has been clearly demonstrated by the present 
experimental results. The pore passage time of RBCs becomes shorter 
as the protein concentration in the medium is reduced (Fig. 5-3). 
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The effect of byperosmolarity on the micropore passability of RBCs 
disappears up to 370 and 430 mOsmol when the protein concentration 
in the medium is lowered to 1/3 and 1/6 of the normal level, res
pectively (Fig's 5-5 and 5-6). This result further suggests that 
the reduced RBC deformability having been considered to be caused 
directly by the effect of hype~osmolarity, i.e. by the water shift, 
may rather be a result of the strengthened interactions between 
RBCs and plasma proteins under hyperosmotic conditions. The reduc
tion in RBC deformability exposed to hyperosmolarity has been 
attributed to an increased internal viscosity due to the loss of 
water from the inside of RBCs. However, it is obvious that this 
assumption cannot explain the present results, since the dehydration 
of RBCs proceeds similarly in both PD and SD samples. Besides, the 
actually observed decreases in the hematocrit in SD samples seemed 
to exceed slightly those in PD samples. The internal viscosity will 
be still too low to affect the deformability, even though increased 
considerably. The supposition that the RBC-protein interactions 
may play essential roles in the phenomena seen under hyperosmotic 
conditions is supported by the observations that the reduction in 
RBC deformability seems to accompany an increase in the adsorption 
of plasma proteins to RBCs (Fig's 5-5, 5-6 and 5-7). The increased 
adsorption of plasma proteins to the RBC surfaces was clearly 
demonstrated by the excess reduction in the protein concentration 
in the medium under elevated osmolarity (Fig. 5-7). When the 
adsorption of plasma proteins to RBCs increases under hyperosmotic 
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conditions, the protein concentration detectable in the medium fur
ther decreases from the level expected from the plasma dilution by 
the amount of proteins adsorbed, causing the excess reduction. The 
possibility that the plasma proteins may aggregate with each other 
to cause an apparent reduction in T.P. is eliminated since no 
changes in T.P. were observed up to 700 mOsmol when the osmolarity 
of plasma was increased without the presence of RBCs (Fig. 5-8). 
Further, the observation that the excess reduction in T.P. seems 
to be proportional to the hematocrit within the studied low hemato
crit region (Fig. 5-10) indicates that the decrease in T.P. is 
related to the whole surface area of presenting RBCs, also suggest-
ing the possibility of the adsorption of plasma proteins to the RBC 
surfaces. 

A more clear evidence of the protein adsorption to RBCs was 
obtained in the experiment using 131r human serum albumin. The 
radiation count on the separated RBC portion increases as the 
osmolarity of the medium is elevated (Fig. 6-1). Since albumin 
cannot penetrate the red cell membrane, the increase in the number 
of 131 r human serum albumin counted in the RBC portion shows the 
increase in the adsorbed albumin to the RBC surfaces. Now it seems 
certain that the adsorption of plasma proteins to the red cell 
membrane increases as the osmolarity of the medium is elevated. 

The lowered protein concentration in the medium, which will 
encourage the adsorbed proteins to redissolve into the fluid, 
causes an amelioration of RBC deformability at normal osmolarity 
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(Fig. 5-3). The micropore passability of RBCs decreases when the 
adsorption of proteins to the RBC surfaces increases with osmolarity, 
while RBC deformability remains constant when no increase in the 
protein adsorption is seen (Fig's 5-5, 5-6 and 5-7). Therefore, 
it can be supposed that the adsorbed proteins restrict the cell 
membrane flexibility to cause a reduction in the deformability. 

As discussed above, the cOLtribution of added NaCl to the 
deformability through the increase in osmotic pressure of the medi
um is less important but their direct effect as ions seems to be 
primary in the phenomena observed under hyperosmotic conditions. 
It has been known that the electric repulsive force between colloid 
particles suspended in an electrolyte solution is weakened as the 
ionic strength of the solution is increased and that the colloid 
particles finally aggregate with each other to cause the sedimen
tation above a certain critical value of the ion concentration. 
The so-called DLVO theory (Derjaguin and Landau, 1941; Verwey and -
Overbeek, 1948) has been established to explain the stability of 
colloid suspensions taking into account the electric double layer 
interaction and the van der Waals interaction. The interactions 
between RBCs and plasma proteins taking place in blood will be 
similarly the electric repulsive forces between the negative charges 
on the both surfaces and the van der Waals attractive forces. The 
electric repulsive force may probably be reduced,as supposed from 
the general cases of colloid suspensions, when the ionic strength 
of the medium is increased. Therefore, when the strengths of the 
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both interactions are of the sane order, the reduction in the elect-
ric repulsive forces will accelerate the adsorption of plasma proteins 
to the red cell surfaces. The surface potential of RBCs has been 
reported to be around -10 mV. This causes an electric repulsive 
interaction of the order of 10-20 Joule against a protein, whose 
negative charge is estimated to be of several tens of the charge of 

. -18 an electron, i.e. - -10 Coulocb at blood pR 7.4. While the van 
der Waals attractive interaction can be shown to be of the same 

-20 ( order of 10 Joule see APPENDIX). The thermal energy kT is 0.4 
x 10~20 Joule (37°C = 310 K). Therefore, the interaction energies 
relating to the adsorption of plasma proteins to the red cell sur-
face and releasing of adsorbed proteins from the surface are of the 
same order, supporting the above considerations. Further, the 

surface potential of RBCs and negative charges of proteins may be 
reduced by the adsorption of cations to RBCs and proteins. Raydon 
and Seaman (1967) reported that the zeta potential of RBCs decreases 
with the increasing concentration of NaCl in the medium. The de-
crease in the surface potential of RBCs directly reduces the elect-
ric repulsive interaction, encouraging the adsorption of plasma 
proteins to RBCs. These considerations seem to be able to explain 
the present results consistently. 

The following order-estimations can be made for the ~~oUnt of 
adsorbed proteins to RBCs based on the radiation count experiment. 

131 The added amount of r human serum albumin (13 1 r RSA) is 

1.2 ~g 131r RSA / ml blood (hematocrit 40 %) 
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or 2.0 pg l3lr HSA / ml plasma. 

The average T.P. (6.7 g/dl) and ratio of albumin to globulin (A/G= 
1.5) in the plasma give the concentration of native albumin as 

4.0 g/dl plasma. 

Therefore, the ratio of radio-isotone labeled albumin to native ones 
is 1 : 20,000. 

Using the following notations: 

Crbc ; radiation counts / ml RBCs, 

Cplasma ; radiation counts / ml plasma 

and Hct ; hematocrit value expressed in decimal, 

the amount of albumin existing on the RBC surfaces is given as 

1.2 x Crbc·Hct 
x 20,000 pg / ml blood. Cplasma.(l-Hct) + Crbc'Hct 

The results shown in Fig. 6-1 yield the following value s; 

1.1 mg albumin / ml blood at 300 mOsmol 

and 2.2 mg albumin / ml blood at 450 mOsmol. 

Since the molecular weight of albumin is 66,000, these values are 
converted to 

2.2 x 106 albumin / RBC at 300 mOsmol 
and 4.4 x 106 albumin / RBC at 450 mOsmol. 
The additionally adsorbed proteins to RBCs at 450 mOsmol cause a 
reduction of 0.18 g/dl in T.P. in the plasma. These estimations 
assume that the affinity of l3l r HSA to the red cell membrane is 
exactly the same with that of native albumin and that the equi
librium distribution of l3lr HSA is fully attained after th~ incu-
bation time. 
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The average dimensions of the red cell are given in Fig. 2-1. 

When an albumin molecule is assumed to be a sphere having a radius 

• 
of 30 A, the maximum number of albumin molecules which can be packed 

in a single layer covering the whole surface of a red cell can be 

estimated to be 4.8 x 106 / RBC. ?he above value of 2.2 x 10
6 / 

RBC (at 300 mOsmol) is a half of .j..- " 

,,::.lS maximum number • 

1-!hen compared to the results given in Fig. 5-10, the estimated 

amount of the additionally adsorbed proteins to RBCs from the radi-

ation counts is rather smaller that the one observed as a reduction 

in T.P. in plasma. As can be seen, the estimated value gives the 

amount of plasma albumin adsorbed to RBCs, while the reduction in 

T.P. is measured for the total plasma proteins. If globulin are 

adsorbed to the RBC surfaces similarly to albumin, then the esti-

mated values should be further multiplied by the ratio of T.P. to 

albumin for the amount of total proteins adsorbed to RBCs. The 

following values are given; 

1.8 mg plasma proteins / ml blood at 300 mOsmol 

or 4.6 mg plasma proteins / ml RBCs at 300 mOsmol. 

The reduction in T.P. in plasma due to the protein adsorption is 

now 0.3 g/dl at 450 mOsmol, coinciding "ell with the ones given in 

11'" ~ 19. 5-10. 

The amount of plasma proteins adsorbed to RBCs at normal osmo-

larity can also be estimated from the measurement of T.P. in plasma. 

A decrease in T.P. was observed due to the addi~ion of RBCs washed 

with saline to the plasma. Since the adsorbed proteins will be 
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removed by washing with saline and the protein layer will be formed 

again when the washed RBCs are resuspended in plasma, the observed 

reduction in T.P. will show the amount of plasma proteins adsorbed 

to RBCs at normal osmolarity. By adding different amounts of washed 

RBCs to plasma, the decrease in T.P. in the plasma was determined 

as a fUnction of the amount of added RBCs. The results are shown 

in Fig. 6-2. The obtained values coincide with the one estimated 

from the radiation counts and corrected to the total proteins, 

suggesting a similar adsorption of globulin to the RBC surfaces. 

However, there remains a possibility of accident in this agreement 

between the estimated amounts of proteins. Considerable errors 

are suspected to be involved in the both experiments. Further, 

the assumptions in the esti~ation of the amount of adsorbed proteins 

from the radiation counts might be incorrect. There can be seen 

different tendencies between the reduction in T.P. (Fig. 5-7) and 

the increase in the radiation counts from RBCs (Fig. 6-1). The 

reduction in T.P. proceeds with osmolarity and shows a saturating 

tendency at high osmolarities, vlhile the increase in the radiation 

counts becomes prominent above 400 mOsmol. It seems highly possible 

that the p:r;-ocesses of purification and labeling of albumin may 

cause slight modifications in the nature of albumin. If the af-
131 . 

finity of I HSA to the red cell membrane is lower than that of 

native albumin, the radiation counts give under-estimations for 

the amount of adsorbed proteins. 

Relating to this problem, it may be interesting to show a 
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result of the measurement of colloid osmotic pressure (COp) of blood. 

COP of blood, i-lhich results from the thermal motions of proteins in 
plasma, gives another measure of the protein concentration in the 

plasma. As shown in Fig. 6-3, COP decreases markedly with increas-
ing ionic osmolarity of the medium, being consistent with the re
duction in the protein concentration observed in the former two 
experiments. A part of the reduction is due to the plasma dilution 
just the same to the other cases. 7he decrease in COP is great 
between 300 and 400 mOsmol, showing a similar tendency to that in 
T.P. seen in Fig. 5-7. A reduction of 1 mmHg in COP around the 
normal level corresponds to about 0.2 g/dl decrease in T.P. in the 
medium. The results given in Fig. 6-3, which were obtained in blood 
samples with hematocrit la %, indicate a greater protein adsorption 
even compared to the estimation from the T.P. measurement. This 
difference might be interpreted as the following. Since COP is 
generated from the thermal motions of proteins, a weak restriction 
of the mobility of proteins may result in a big change in COP. 
Further, COP was measured directly on the blood samples without 
centrifuging them. Therefore, it may be supposed that there might 
be a greater number of proteins which are so weakly bounded to RBCs 
that they are easily removed during the centrifugation of blood 
samples. Such weakly bounded proteins would cause a big reduction 
in COP and probably be undetectable by the methods requiring the 
centrifugation of samples. 

As suggested by the above arguments, the awount of adsorbed 
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proteins toRBCs at normal osmolarity would be a little greater than 
the estimate from the radiation counts and probably be close on the 
number of proteins which can form a single protein layer covering 
the whole surface of a red cell. Further, this amount would be 
doubled at 400 mOsmol or higher osmolarities. This protein layer 
formed on the surface of a red cell may well be supposed to protect 
the red cell membrane against destructive forces on the one hand 
and to restrict the red cell Dembrane flexibility on the other hand. 
A restricted cell membrane flexibility seems to be a main cause of 
the hyperosmotic reduction in RBC deformability as discussed before. 
It should be noted that RBCs maintain their normal shape in the 
hyperosmotic media up to 450 mOsmol. When the osmolarity was ele
vated above this level, the cell shape was altered from normocyte 
to echinocyte (Fig. 6-4). A ~arked reduction in RBC deformability 
was accompanied with this alteration in the cell shape. A steep 
increase was seen in the pore passage time of RBCs above 450 mOsmol 
even in SD samples of hematocrit 10 % (Fig. 5-5, Fig. 6-5). Many 
factors including the cell geometry and internal viscosity will be 
complicatedly involved in the marked reduction in the deformability 
of RBCs exposed to strong hyperosmolarity which inevitable induces 
the cell shape alteration, while the cell membrane factor seems to 
be dominant in the reduced deformability of RBCs exposed to mild 
hyperosmolarity. 
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7. Roles of Na+ and K+ ions in the red cell membrane functions 

a) Role of the protein adsorption in RBC passage through a 3 ~m pore 

The adsorption of plasma proteins to the RBC surfaces causes a 

reduction in the deformability of RBCs, presumably because the red 

cell membrane flexibility is res0ricted by the adsorbed proteins. 

This effect of plasma proteins on RBCs seems to be rather negative 

for the benefit of the blood flow through capillary vessels. On the 

other hand, positive effects of nlasma albumin on RBCs have been 

reported with respect to hemolysis due to hypoosmolarity or mechani

cal stresses; an addition of a small amount of albumin to RBC sus

pensions in saline causes an increase in the strength of red cell 

membrane against destructive forces. This positive aspect of the 

RBC-protein interactions was observed in the experiment measuring 

the passability of RBCs through 3 ~m pores. The time course of the 

passage of a RBC through a 3 ~m pore is schematically shown in Fig. 

7-1. Compared to the case of 5 ~m pores (Fig. 3-8), RBCs must de

form to a much greater extent to pass through the 3 ~m pores. The 

passability of RBCs decreased quickly with time when RBCs were sus

pended in saline (Fig. 7-2). While the passability was stable when 

RBCs were suspended in plasma. Iro rapid changes were detectable in 

the case of passage through 5 ~m pores even in RBCs suspended in 

saline within 2 hours after blood sampling. 

It has been observed by many researchers that alterations in 

the red cell shape proceed quickly with time in RBCs suspended in 
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Fig. 7-1. A schematic representation of the passage of a RBC 

through a pore of 3 ~~ in diameter. 
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saline even under static conditions. The cell shape alterations 

which are not caused by mechanical stresses indicate that some 

structural changes in the red cell membrane take place with time. 

The possibility of rearrangement of membrane proteins and mobility 

of the proteins in the membrane are involved in the fluid mosaic 

model of the membrane structure of Singer and Nicolson (1972). If 

the structural changes in the red cell membrane are responsible for 

the rapid decrease in the passability of RBCs through 3 urn pores, 

then it is indicated that the structures in the cell membrane are 

protected from the destruction by the plasma. The following con

sideration might be possible. The red cell membrane is forced to 

deform to a much greater extent during the passage through a 3 urn 

pore. The deformability of the membrane to a large extent will be 

sensitively influenced by the local changes in the membrane struc

ture such as aggregations of neighboring proteins in the membrane. 

Such structural changes in the red cell membrane may take place 

quickly in RBCs suspended in saline but not in RBCs in plasma. 

Therefore the passability of RBCs through 3 urn pores decreases 

quickly in saline but it remains constant in plasma. The differ

ence in the stability of the cell membrane structure in the both 

cases may be attributable to that in the cellular metabolic states. 

The depletion of ATP proceeds in RBCs suspended in saline since the 

medium contains no glucose. It has been shown that the depletion 

of ATP causes a reduction in RBC deformability (Weed et al., 1969) 

and alterations in the cell shape (I~akao, 1974). While the ATP 
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level will be maintained in RBCs suspended in plasma, keeping the 

deformability and cell shape constant with time. However, the re-

duction in the passability of RBCs through 3 ~m pores seems to pro-

ceed more quickly than expected from the time course of reduction 

in the cellular ATP level (Weed et al., 1969; Nakao, 1974). 

As has been shown in the previous sections, the protein layer 

on the red cell surface significantly affects the deformability of 

RBCs. It might be possible to suppose that this protein layer may 

prevent movements of membrane proteins in the red cell membrane. 

Then, the structural changes in the membrane become much dependent 

on whether the protein layer exists or not. This consideration 

seems to be able to explain the results given in Fig. 7-2. It seems 

probable that the protein layer on the red cell surface not only 

protects the cell membrane against destructive forces but prevents 

structural changes in the cell mecbrane. Thus, the adsorption of 

plasma proteins to RBCs may play a significant role in maintaining 

the red cell membrane functions. 

b) Roles of Na+ and K+ ions in controlling the adsorption of proteins 

to the red cell membrane 

The excess amount of IJaCl in the medium modifies the interact-

ions between the red cell membrane and plasma proteins to cause an 

increase in the amount of adsorbed proteins. As the next step it 

seems very interesting to study the effect of another biologically 

active monovalent cation K+ on the cell membrane-protein interact-
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ions. The distribution of Na+ and K+ ions around the red cell mem-

brane may play a special role in controlling the adsorption of plasma 

proteins to the red cell membrane. In order to study the effect of 

K+ ions, the distribution of 131I human serum albumin was studied 

in RBC suspensions in the plasma v:hose osnolarity was elevated by 

adding KCl instead of NaCl. The radiation counts from the separated 

RBC portions were almost constant with osmolarity as shown in Fig. 

7-3, being in a striking contrast to the results obtained in RBC 

suspensions in NaCl induced hyperosmotic nlasma (Fig. 6-1, also given 

in this figure for comparison). No increase in the adsorption of 

plasma proteins to RBCs was induced by an additio~ of KCl to the 

plasma. Similar results were obtained from the measurement of T.P. 

in RBC suspensions in plasma which was hype~osmotic due to experi-

mentally increased concentrations of NaCl and/or KCl. The T.P. de-

tectable in the fluid media decreased with increasing osmolarity 

but only to the level expected from the plasma dilution due to the 

water shift from RBCs to plasma in the case of KCl induced hyper-

osmotic suspensions (as already ciscussed in the previous sections, 

the T.P. decreased beyond this dilution level in the case of NaCl 

induced hyperosmotic suspensions). Eamely, the both results of the 

radiation count and T.P •. indicate that the adsorption of plasma 

proteins to RBCs increases in the NaCl-hyperosmotic suipensions but 

that no increase in the protein adsorption occurs in the KCl-hyper-

osmotic suspensions. It is clear from these results that an incre

ment in the Na+ ion concentratioL in the medium increases the inter-
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actions between the red cell menbrane and plasma proteins but that 

any increment in the K+ ion concentration shows no effect to increase 

the interactions. This finding suggests that the distributions of 

Na+ and K+ ions in the both sides of the red cell membrane may con-

tribute to controlling the adsorption of plasma proteins to the 

outer surface of the cell membra~e and probably to restricting the 

interactions between the inner surface of the membrane and intra-

cellular hemoglobin. 

As shown in the above, the control of the amount of adsorbed 

proteins may presumably be important for maintaining the red cell 

membrane functions and its flexibility against mechanical stresses 

acting on the membrane. Further, if highly concentrated hemoglobin 

in a RBC are adsorbed to the inner surface of the cell membrane in 

a similar fashion to the adsorption of plasma proteins to the outer 

surface, the cell membrane ~lexibility will be much severely restricted. 

Therefore,thS· controlling of the adsorption of plasma proteins to 

the outer surface of the red cell membrane and the restriction of 

the adsorption of intracellular hemoglobin to the inner surface of 

the cell membrane are critically i~portant for maintaining the de

formability of RBCs. The distributions of Na+ and K+ ions around 

the red cell membrane contribute to controlling and restricting the 

adsorption of proteins to the cell membrane at the both surfaces. 

+ + It has been known that the Na -K exchange pumps exist in the red 

cell membrane and that the pumps consume energy to maintain the con

centrations of Na+ and K+ ions in the both sides of the cell membrane. 
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As ~ result of the active transport of Na+ and K+ ions, the protein 

adsorption is controlled at the outer surface of the cell membrane 

and minimized at the inner surface. This performance may be an ad

vantageous side effect of the Na+ - K+ exchange pumps in the red cell 

membrane. 

Further~ore, the following speculation might be possible. 

More active blood cells such as lymphocytes or platelets may make 

positive use of this assumed mechanism to control the adsorption 

of proteins to their cell membranes. These blood cells alter their 

shapes rapidly in response to stimulations. A sudden change in the 

microviscosity of the lipid bilayer of the cell membrane occurs so 

that the mobility of membrane proteins increases (KATAOKA et al., 

1980). Then the membrane proteins aggregate with each other, fina

lly resuting in an alteration of the cell shape. However, it seems 

difficult to suppose the mechanism to change the microviscosity of 

the lipid bilayer rapidly at a constant temperature. As discussed 

above, the mobility of membrane proteins will be restricted by 

adsrobed proteins to the membrane. If the ion distribution changes 

rapidly to cause a release of adsorbed proteins, then the mobility 

ot membrane proteins will increase~ This speculation seems to be 

more probable for the fluidity change in the cell membrane, since 

the ion distribution can be controlled by the Na+ - K+ exchange 

pumps. 

Thus, the present study shows that the interactions between the 

red cell membrane, plasma proteins and ions may play important roles 
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in the regulation of RBC deformability and in maintaining the red 

cell membrane functions and further suggests that such interactions 

between the cell membranes, plasma proteins and ions might be also 

involved in the deformability or in the cell shape alteration of 

white blood cells and platelets. 

Finally an implication which seems to be of clinical importance 

must be mentioned. When dehydration proceeds pathologically or by 

hard exercise, the protein and sodium concentrations in plasma in

crease considerably. This causes an increase in the adsorption of 

plasma proteins to RBCs. RBC deformability may decrease and cause 

an insufficiency in the microcirculation. 
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8. APPENDIX 

a) Electric diffuse double layer around a red blood cell 

Positive ions of charge ze and negative ions of charge -ze 
distribute in a field of electric potential W according to the 
Boltzmann distribution; 

N± = NoexD(~zew/kT) = Kcexp(~~) (A-I) , 
where No is the number of each ionic species in a unit volume in 
the region of w=O. ~ is defined Dy 

~ = zew/kT (A-2) • 
The charge distribution q in the field is given by 

q = ze(N -N ) + -
wand q must satisfy the Poisson equation; 

L1w = -q/ErEo 

(A- 3) • 

(A-4) , 
where Eo is the permittivity of vacuun and Er is the relative per-
mittivity of the solution. Putting the equations (A-I) through 
(A-3) into the equation (A-4), the Poisson-Boltzmann equation 

(A-5) 
is obtained. K is called the Debye-HUckel constant, which is 
defined by 

(1-.-6). 
The equation (A-5) can be approxinated by the Debye-Huckel equation; 

(A-7) 
when ~«l. The electric potential due to the charges on the surface 
of a colloid particle can be calculated from the equation (A-5) or 

- 80 -



approximately fr~m the equa~ion (A-7) using the boundary condi~ion 

of 

dW/ dx/ = -a/ErEo x++o (A-B), 

where x is the direction normal to the surface with the positive 

direction taken outward from the surface. a is the surface charge 

density. The potential decreases within the length of the order 

of K-
l from the surface; the potential decreasing region is called 

electric diffuse double layer. 

The red cell surface can be regarded as a semi-infinite plate 

since the radius of curvature of the surface is much greater than 

the thickness of the electric diffuse double layer; the one dimen-

sional Poisson-Boltzmann equation can be used to calculate the 

electric potential due to the surface charges. The integration of 

the equation gives 

d~/dx = -2Ksinh(~/2) (A-9). 

The integration of this equation must be done numerically. Examples 

of the calculation are shown in Fig. A-I, where a constant surface 

potential is taken as the boundary codition. 
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b) van der Waals interaction 

The van der Waals interaction between the red cell surface and 
an albumin molecule may be treated as the one between a semi-infinite 
plate and a sphere (Fig. A-2). The interaction energy is given by 
integrating 

\ T - _ A( ( (1/ 6)."\T '11 a - Jv
l
lv

2 
y ~ 1 0 '2 (A-la), 

where A is the Hamaker constant. The integration can be made as 
the following using the notations given in Fig. A-2. 

V a 

2
a

2_
ca( 

d -r ) a 
da 1 
2 2 - "2 In 

d -a 

1 + ~ )dr) d+r Q-r 

d+a ) 
d-a 

The final result shows that the van der Waals interaction 

(A-l1). 

energy 
between a se~i-infinite plate and a sphere is of the same order with 
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A at distances of the order of the diameter of the sphere. The 

Hamaker constant A for the lipid/~ater system has been reported to 

be 10-20 - 10- 21 Joule. A potential curve calculated from (A-ll) 

is shown in Fig. A-J. 
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