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ABSTRACT 
Hypertonicity-induced alteration of the spectrin network under the erythrocyte membrane (EM) has been 

proposed as the cause of hypertonic cryohemolysis, however, the exact mechanism is not known. With 

this in mind we applied thermal dielectroscopy to evaluate the dynamic state of spectrin network of 

human erythrocytes and isolated EMs as affected by the osmotic pressure of suspension media (10 mM 

NaCl and varying concentrations of mannit). The method, applied on a heated suspension, detected abrupt 

changes in the complex impedance, ΔZ* = ΔZre +jΔZim, at the spectrin denaturation temperature, TA (49.5 

C). The Nyquist plot (-ΔZim vs ΔZre) of these changes indicated two arcs, i.e., two relaxations of the 

mobile dipoles on intact spectrin network, one centered at 2.5 MHz and the other at 0.3 MHz. Increasing 

the tonicity from 300 to 500 mOsm both arcs were inhibited. Similar inhibition of the Nyquist plot arcs 

was obtained by the selective dissociation of spectrin-ankyrin-band 3 bridge of EM. Above 500 mOsm 

the arcs merged indicating a single relaxation. Both effects of hypertonicity were reversible upon 

reverting to isotonicity. It is concluded that hypertonicity could lead to a reversible detachment of spectrin 

skeleton from the integral proteins and inhibition of the segmental motion of spectrin network. 
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INTRODUCTION 

The osmotic pressure of hypertonic media 

elicits changes in the structure and function of 

cellular membranes. In mammals, the 

interstitium of the renal medulla is in 

hypertonic environment whose hypertonicity 

imposes osmotic gradient for water 

reabsorption and renal concentrating 

mechanism. At the same time, hypertonicity 

induces deleterious effects and apoptosis on 

local cells (1) and provides a local signal for 

tissue-specific gene expression and 

differentiation of the renal medulla (2). 
 

Essential to the unique mechanical properties 

of human erythrocytes is the erythrocyte 

membrane (EM) consisting of a lipid bilayer 

with intercalated integral proteins and 

supported from inside by a under-membrane 

cytoskeleton of peripheral proteins, among 

them spectrin and ankyrin (Figure 1). Spectrin 

is a filamentous long (about 200 nm) 
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multidomain protein that comprises about 30% 

(w/w) of membrane protein content. EM 

contains another two major integral proteins, 

band 3 and glycophorin C, both attached to the 

spectrin-based under-membrane cytoskeleton. 

The first attachment site includes spectrin - 

glycophorin C bridge. The second, 

predominant attachment site is the spectrin - 

ankyrin – band 3 bridge, responsible for the 

deformability and stability of erythrocytes (3). 

In a single cell there are about 100 thousand 

spectrin - ankyrin – band 3 bridge, most of 

which can be selectively severed binding DIDS 

to the outside aspect of band 3 (4) or 

suspending erythrocytes in alkaline pH (5).  
 

The plasma membrane of human erythrocytes 

also alters on contact with hyperosmotic 

media. This alteration prevents normal 

adaptation of EMs to consequent cooling (5 

C) and results in hemolysis termed hypertonic 

cryohemolysis, or cold shock and heat shock 

hemolysis (7). The molecular mechanism of 

the hypertonicity-induced alteration of EM and 

the related cryohemolysis has not been 

elucidated so far. Data have been presented 

indicating that the under-membrane spectrin 

cytoskeleton of EM and its interaction with the  
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lipid bilayer is involved in hypertonic 

cryohemolysis (8). Nevertheless, hypertonic 

cryohemolysis is exploited as a model 

experiment in evaluating the damaging factors 

involved in the long-term, low-temperature 

storage of cells and tissues, in the hemolysis 

due to inappropriate storage conditions or 

inappropriate processing of blood for 

transfusion (9), as well as a useful technique 

for identifying hereditary spherocytosis (10-

11). 

 
Figure 1. Diagram of the spectrin - band 3 bridge and of the spectrin-glycophorin bridge 

                   on the plasma membrane of human erythrocytes (6).  

 
 

With above in mind we used the method of 

thermal dielectroscopy to study the heat 

denaturation of under-membrane spectrin 

network of human erythrocytes, suspended in 

media with constant composition and different 

tonicities. The denaturation of spectrin 

filaments at 49.5 °C (TA) leads to dramatic loss 

in elasticity and deformability of erythrocyte 

membrane which is indicative of complete 

aggregation and immobilization of denatured 

spectrin and loss in its dielectric polarizability. 

The method detects abrupt changes in the 

complex impedance of erythrocyte suspension 

at TA (12). These changes reflect the 

polarizability of intact spectrin skeleton as this 

polarizability vanishes after the heat 

denaturation of spectrin. Because this 

polarizability is due to the mobile dipoles on 

spectrin skeleton, it is frequency dependent 

reflecting the dipole relaxation and the 

dynamic state of intact spectrin skeleton. To 

describe the relaxation of spectrin dipoles and, 

hence, the dynamic state of intact spectrin 

skeleton we obtained the Nyquist plot of 

impedance changes at TA for erythrocytes and 

isolated erythrocyte membranes, suspended at 

various tonicities. The presented results 

demonstrate that hypertonic media inhibits the 

segmental motions of spectrin filaments and 

could dissociate the spectrin cytoskeleton from 

the lipid bilayer. 

 

 

 

MATERIALS AND METHODS 

Materials 

4,4'-diiso-thiocyanato stilbene-2,2'-disulfonic 

acid (DIDS), MgCl2, NaCl, mannitol and 

phosphate buffer were purchased from Sigma 

Chemicals Co, St. Louis, MO, USA.  
 

Isolation of erythrocytes and severance of 

spectrin-ankyrin-band 3 bridge 

Intact erythrocytes were isolated by 

centrifugation (500 x g, 5 min) from freshly 

drawn heparinized blood of healthy donors. 

The upper layer of white blood cells was 

discarded. Prior to usage the isolated cells were 

thrice washed in 10 volumes of washing 

medum, containing 10 mM NaCl and the 

concentration of mannit corresponding to the 

indicated osmoticity.  
 

Erythrocytes with disconnected linkage 

between spectrin, ankyrin and band 3 were 

prepared in two ways. The first way consists in 

treating intact erythrocytes with DIDS. DIDS 

is a membrane-impermeable, highly specific 

covalent inhibitor of band 3 protein (the anion 

exchanger, AE1), the major integral protein of 

erythrocyte membrane responcible for the 

anion transport across EM (13). Washed 

erythroctes were incubated in a solution 

containing 0.15 M NaCl, 50 μM DIDS and 5 

mM sodium phosphate buffer, pH 8.2, at 10 % 

hematocrit,   23 °C for  10 min.   Treated   cells  
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were washed two times with 10 volumes of 

isotonic washing medium to remove the 

unreacted DIDS. Under these conditions, more 

than 95% of the DIDS resides on band 3 (14) 

resulting in severance of the major bilayer - 

skeleton bridge between band 3, ankyrin and 

spectrin (4). 

 

The second way to dissociate the linkage 

between band 3 and spectrin consists in 

suspending intact erythrocytes in isotonic 

medium of mannitol and 5 mM NaCl, 

containing 10 mM phosphate or Tris buffer, 

hematocrit 0.20. At pH 9.3 the cytoplasmic 

domain of band 3 sustains conformation 

change causing detachment of band 3 from 

ankyrin, and thereby from spectrin 

cytoskeleton (5).  

 

Preparation of isolated and resealed 

erythrocyte ghost membranes (EMs) 

Erythrocyte ghost membranes (EMs), resealed 

with 75 mM NaCl and 150 mM mannit, were 

prepared as described previously (15). Briefly, 

cold (1 °C) suspension of washed erythrocytes 

(intact or DIDS-treated), hematocrit 0.80, was 

vigorously diluted in 15 volumes of 1 °C-cold 

hypotonic solution, containing 2 mM MgCl2 

and 5 mM phosphate buffer, pH 7.8 and left at 

cold for 5 min. A proper volume of cold 0.75 

M NaCl and of cold 1.2 M mannit solutions 

were added to the hemolysate in order to 

obtain final concentrations of 75 mM NaCl and 

150 mM mannit. The EMs were resealed (37 

°C, 20 min), isolated (3000 x g, 10 min) and 

once washed in excess (1:20) volume of the 

resealing medium.  

 

Impedance spectroscopy of heated 

erythrocyte suspensions 

To conduct the thermal dielectroscopy study 

50 μl of erythrocytes or EMs were suspended 

in 50 μl medium, containing 10 mM NaCl and 

mannit with the indicated concentration. The 

suspension was put in a sample cuvette and 

heated from 20 to 60°C at 2.0 °C/min heating 

rate as previously described (15). During 

heating the complex impedance, Z* = Zre + j. 

Zim, of the suspension was measured and 

separated into its real (Zre) and imaginary (Zim) 

parts. Here, j is the imaginary unit, j = (-1)
0.5

. 

Zre and Zim both abruptly changed at the 

spectrin denaturation temperature (TA = 49.5 

°C) and these changes, measured at various 

frequencies, represented the basic data of this 

study. The core instrument was a Solartron 

1260 Impedance Analyzer (Schlumberger 

Instruments, Hampshire, England) interfaced 

to Toshiba PC using the Miniscan software. Z* 

was measured at the indicated frequencies 

between 0.05 and 13 MHz, scanned serially 

with integration time of 0.5 s and duration of 

each scan about 10 s.  

 

In order to decrease electrode polarization we 

used platinum electrodes, low suspension 

conductance (about 40 μS), high hematocrit 

value (0.60), low electrode voltage (80 mV) 

and frequencies above 50 kHz. 

 

RESULTS AND DISCUSSION 

When the studied suspension of intact 

erythrocytes was heated, the imaginary part, 

Zim, of its complex impedance, Z*, exhibited 

sigmoid change at the spectrin denaturation 

temperature TA (Figure 2). The magnitude and 

direction of this change depended on the 

measuring frequency. Similar frequency-

dependent changes in the real part, Zre, of Z* 

were also registered at TA (not shown). Exactly 

the same sigmoid changes were registered in 

the impedance of suspensions, containing 

resealed EMs (not shown). The single mid-

point temperature, TA, of these changes slightly 

depended on the heating rate and at heating 

rates extrapolated to zero its value tended to 

49.5 ± 0.2 °C, the known temperature of 

spectrin denaturation by heat (16). Using 

erythrocytes with specifically pre-modified 

spectrin the threshold changes in Zre and Zim at 

TA were directly ascribed to the thermal 

denaturation of spectrin and related change in 

the dipole polarization of spectrin network 

(12).  

 

The value of the detected change in Zim at TA 

was initially defined as ΔZim = (Zim)native – 

(Zim)denatured, where (Zim)native and (Zim)denatured are 

the imaginary part of suspension impedance at 

the native state of spectrin (at a temperature 3 

°C less than TA) and at the denatured state of 

spectrin (at a temperature 3°C greater than TA), 

respectively. This change, however, levels off 

within a substantial temperature interval of 

about 6 °C where it is superimposed on the 

continuous, thermally induced variation of 

electrolyte conductivity. To compensate for the 

temperature effect on conductivity, which had 

no relation to the temperature-induced 

denaturation at TA, the change in Zim, taking 

place over an equal temperature interval prior 

the denaturation at TA, was similarly calculated 

and subtracted from the initial ΔZim. The 

change in Zre at TA, i.e., ΔZre, was likewise 

determined and corrected. Depending on the 

measuring frequency, the values of ΔZre and 

ΔZim had different magnitudes and signs. 
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Figure 2. Temperature profile of the imaginary component of suspension impedance, Zim. The suspensions 

contained either erythrocytes or resealed EMs. Shown is the change in Zim, ie ΔZim = (Zim)native – (Zim)denatured, at 

the spectrin denaturation temperature, TA, which is indicated by arrow. The suspension medium was isotonic 

solution of 10 mM NaCl and mannit. The hematocrit and heating rate were 0.50, and 2.0 °C/min, respectively. 

The measuring frequencies are shown in the insert rightward. 

 

In the Introduction section it was explained 

that the values of ΔZim and ΔZre reflect the 

mobility of dipoles on the intact spectrin 

network and, hence, the segmental mobility of 

intact spectrin filaments. This segmental 

mobility could be investigated studying the 

frequency dependence of ΔZim and ΔZre. The 

complex plane (Nyquist) plot of -ΔZim vs ΔZre 

(Figure 3) expressed this frequency 

dependence in the form of two semicircle acrs, 

one positive above the argument axis, and a 

second one negative below the argument axis. 

Exactly the same plot was obtained heating 

suspensions of resealed EMs (Figure 3).  
 

Theoretically each semicircle arc in Figure 3 

corresponds to the frequency relaxation of a 

polarization mechanism of Debye type, i.e. 

having a single relaxation time (17). The 

negative semicircle arc exhibited the -ΔZim vs 

ΔZre interrelationship at frequencies (1 – 10 

MHz) which allowed the incident electric field 

to fully penetrate into the cytosole of 

erythrocytes and resealed EMs. Thus, this 

semicircle arc corresponded to a relaxation 

mechanism associated to the cytosolic side of 

erythrocyte plasma membrane. According to 

previous study (12) this relaxation could 

involve dipoles associated to the highly 

flexible segments of spectrin filaments. The 

critical frequency, fdelta, of this relaxation, 

designated by an arrow in Figure 3, was 

determined about 2.5 MHz. 

 

 
Figure 3. Complex impedance (Nyquist) plot at the temperature of spectrin denaturation, TA. The suspension 

contained intact erythrocytes or resealed EMs (gray circles) and DIDS-treated erythrocytes or EMs isolated from 

DIDS-treated erythrocytes (black circles). The ΔZim and ΔZre are the changes in the imaginary and real 

components of suspension impedance, Z*, associated with the denaturation of spectrin. All other details are as 

indicated for Figure 2. 
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The positive semicircle arc in Figure 3 

exhibited the -ΔZim vs ΔZre interrelationship at 

low frequencies (0.05 – 1.0 MHz). The critical 

frequency, fbeta, of the positive semicircle arc, 

designated by an arrow in Figure 3, was 

determined about 0.30 MHz, i.e., 8 times lower 

compared to fdelta. In a separate experiment, the 

critical frequency of the accompanying 

interfacial polarization was determined to have 

the same value of 0.30 MHz at 46 °C (not 

shown). The interfacial polarization is due to 

alternating accumulation of charges, in phase 

with the incident field, on both sides of plasma 

membrane. The charge accumulation at 

membranes is slow process and at a 

sufficiently high, so called critical, frequency 

of the field it fades away; this is the so called 

beta relaxation. Increasing the NaCl 

concentration of suspension medium from 10 

mM to 75 mM, the critical frequency of beta 

relaxation and the critical frequency of the 

positive semicircle arc both increased from 

0.30 MHz to 1.0 MHz, remaining always equal 

to each other (not shown).   
 

 

 
Figure 4. Effect of hypertonicity on the complex impedance (Nyquist) plot of intact erythrocytes at the 

temperature of spectrin denaturation. The erythrocytes were suspended in media containing 10 mM NaCl and 

different concentrations of mannit producing osmotic pressure in mOsmols: 280 (open circles), 430 (gray 

circles), 580 (black circles) and 1180 (small black circles). All other details are as indicated for Figure 2. 

 

Based on above results, the positive semicircle 

arc was assumed to reflect the association of 

the under-membrane spectrin skeleton to the 

inner aspect of the lipid bilayer. This 

assumption is supported by the results, 

obtained with erythrocytes with severed 

spectrin – band 3 bridge. The severance of this 

bridge was obtained through DIDS treatment 

of erythrocytes (4) and by suspending the 

erythrocytes in isotonic media with pH 9.3 (5).  

DIDS treatment of erythrocytes constitutes a 

noninvasive method by which the spectrin – 

band 3 bridge can be severed and the resulting 

effect on the complex impedance plot of 

erythrocyte suspension examined. This bridge 

involves two types of linking sites between 

band 3 and ankyrin, one with high and another 

with low affinity. DIDS binding to band 3 has 

been shown to induce loss of all low affinity 

and roughly half of all high affinity linking 

sites between band 3 and ankyrin (4). The 

complex impedance plot of DIDS-treated 

erythrocytes and of EMs isolated from DIDS-

treated erythrocytes both showed that DIDS 

binding was accompanied by strong reduction 

of the positive semicircle arc (Figure 3). 

Similar outcome was obtained with intact 

erythrocytes and resealed EMs, suspended in 

isotonic alkaline medium of mannit and 10 

mM phosphate or Tris buffer (not shown). 

Reduction of the positive semicircle arc was 

progressively enlarged with increasing the pH 

of outside medium from pH 8.0 to pH 9.3 and 

at pH 9.3 the effect was equal to that of DIDS 

(Figure 3). Both lines of evidence indicate that 

the positive arc of the complex impedance plot 

at spectrin denaturation temperature sensed the 

status of spectrin – band 3 linkage of the 

erythrocyte plasma membrane. 
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Figure 5. Reversibility of the effect of hypertonicity on the complex impedance (Nyquist) plot of intact 

erythrocytes at the temperature of spectrin denaturation. The erythrocytes were suspended in media containing 

10 mM NaCl and different concentrations of mannit producing osmotic pressure in mOsmols: 280 (open circles), 

880 (black circles). The gray circles indicate erythrocytes, initially suspended in 10 mM NaCl and mannit 

producing 880 mOsm for 30 min and reverted to a medium of 10 mM NaCl and mannit producing 280 mOsm. 

All other details are as indicated for Figure 2. 

 
The above conclusion was exploited in the 

studying the effect of hypertonicity on the 

plasma membrane of erythrocytes. For this 

purpose the erythrocytes were washed and 

suspended in various hyperosmotic media 

containing the same concentration of 10 mM 

NaCl and respective concentration of mannit to 

obtain the indicated hypertonicity. Since 

mannit is impermeable to the erythrocyte 

membrane, the cells osmotically shrunk and 

their membranes altered under the impact of 

hypertonicity. Figure 4 shows that the effect of 

hypertonicity on the -ΔZim vs ΔZre (i.e., 

Nyquist) plot of intact erythrocytes had two 

separate stages. The first stage was 

demonstrated at tonicities between 300 and 

500 mOsm while the second stage was 

apparent above 500 mOsm. With increasing 

the hypertonicity from 300 to about 500 mOsm 

the two relaxation arcs were progressively 

suppressed however, the second arc remained 

below the ordinate axis. Similar suppression 

was obtained with isolated EMs, resealed with 

isotonic medium of 75 mM NaCl and mannit 

(not shown). Thus, the effect of moderate 

hypertonicity (300 – 500 mOsm) on intact 

erythrocytes and resealed EMs was similar to 

the effects of DIDS and alkaline media, and 

therefore, could be possibly explained by the 

disassociation of spectrin – band 3 bridges.  
 

At tonicities above 500 mOsm, both arcs merged 

into a singe arc that was placed above the 

ordinate axis (Figure 4 and Figure 5). This 

possibly indicated merger of the two relaxations 

due to a tonicity-induced transition in the spectrin 

network. This additional effect was absent in 

DIDS-treated erythrocytes and in isolated EMs 

(not shown) and, consequently, it could not be 

due to the hemoglobin present in the cytosole of 

erythrocytes. 

Interestingly enough, the above indicated effects 

of hypertonicity (300 – 1200 mOsm, 30 min) on 

the Nyquist plot of intact erythrocytes was almost 

entirely reversible. Reverting the tonicity from 

900 mOsm to 300 mOsm the suppression of 

relaxation circles and the shift of Nyquist plot 

were removed and the Nyquist plot of 

erythrocytes restored its shape (Figure 5). This 

reversibility is in line with the assumed 

disassociation of spectrin – band 3 bridge at 

hypertonic conditions and could be explained as 

follows. Human erythrocyte band 3 becomes 

rapidly and reversibly phosphorylated following 

exposure of erythrocytes to hypertonic media 

(18). The driving force for this phosphorylation 

reaction is the decrease in cell volume that 

activates specific, membrane-bound, tyrosine 

kinase. The phosphorylated site is identified as 

Tyr-8, located at the extreme N-terminus of the 

cytoplasmic domain of band 3, responcible for 

the binding of band 3 to ankyrin. Consequently, 

the phosphorylation of the Tyr-8 residue of band 

3 immediately disassociates the spectrin – band 3 

bridge (19). As the phosphorylation reaction is 

reversible on restoring the initial volume of 

erythrocytes (18) the spectrin – band 3 bridge 

should reassociate in accordance with the result 

shown in Figure 5. 
 

The assumed in this study reversible 

disassociation of spectrin – band 3 bridge at 
hypertonic conditions is supported by the data of 

other authors that chemical pre-modifications of 

EM, which dissociate band 3 from under-

membrane cytoskeleton, increase hypertonic 
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cryohemolysis (20) and detergent – induced 

hemolysis (21). 
 

CONCLUSSION 
The changes in the dielectric properties of 

erythrocyte plasma membrane, concomitant to 

the thermal denaturation of spectrin at 49.5 °C, 

were used to investigate the relaxation of mobile 

dipoles on intact spectrin network. The mobility 

of these dipoles, reflecting the segmental motions 

of spectrin filaments, was reversibly subdued 

upon increase and decrease of the osmolarity of 

cell suspension. This outcome could involve the 

detachment of spectrin network from the band 3 

protein. The results are relevant to elucidating the 

mechanism of hypertonic cryohemolysis and the 

effects of hyperosmoticity on cells.  
 

ABBREVIATIONS  
DIDS, 4,4´-di-isothiocyanostilbene-2,2´-

disulphonate; EM, erythrocyte ghost membrane 

resealed with 75 mM NaCl and 150 mM mannit.  
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