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Alterations in the electrical passive parameters of red blood cell membranes occurring during 
storage have been investigated by means of two different experimental approaches, i.e., ra­
diowave dielectric spectroscopy measurements and flow-cytometric measurements. We ob­
served a correlation between the appearance of phosphatidylserine molecules in the outer 
leaflet of the cell membrane and the occurrence of a change in the electrical passive mem­
brane parameters. The electrical re-organization of the membrane, resulting in an increase 
of its conductivity and permittivity after 5 -7  days from blood storage, can be considered 
as a precursory event for the loss of asymmetry in the lipid distribution across red blood 
cell membrane.

Introduction

The lipid topology of biological cell m em branes, 
particularly of eukaryotic cells, has been investi­
gated extensively and several com prehensive re ­
views on this subject have appeared in the last few 
years (Devaux, 1992; Zachowski, 1993). In particu­
lar, it has been shown that in red blood cells under 
physiological conditions, phosphatidylserine (PS) 
is localized exclusively in the inner leaflet of the 
plasma m em brane (G upta, 1992) and this trans­
m em brane asymmetry is an essential feature in­
volved in macrophage recognition and splenic 
clearance of aged or abnorm al erythrocytes 
(Schroit et al., 1985; M cEvoy et al., 1986). This 
asym m etry results from a balance of two different 
mechanisms, a passive diffusion across the bilayer 
and an active transport m aintained by am inophos- 
pholipid translocase which continuously pum ps PS 
(and PE) from the outer to the inner leaflet of the 
m em brane (Schroit and Zwaal, 1991).

The loss of asymmetry of endogenous phospha­
tidylserine becomes apparent only when the 
aminophospholipid tranlocase activity is im paired.

In particular, two proteins have been proposed as 
candidate transporters, i.e., a PS-binding, sulfhy- 
dryl-containing erythrocyte protein, with 32 kD 
m olecular weight (C onnor and Schroit, 1989) and 
a Mg2+-ATPase of 110-120 kD  m olecular weight 
(Z im m erm ann and Daleke, 1993). In the PS trans­
location, the involvem ent of cytoskeleton proteins 
rem ains controversial. In the past, several authors 
(H aest et al., 1978; Raval and A llan, 1984) have 
suggested tha t selective interactions betw een 
am inophospholipids and cytoskeleton spectrin 
pro tein  could occur and participate to the overall 
dynam ic characterization of phospholipids in the 
erythrocyte m em brane. M ore recently, however, 
experim ents carried out with cytoskeleton de­
pleted  red cells (Beleznay et al., 1993), with 
spectrin-deficient red cells (Kuypers et al., 1993) 
and with heat-denaturated  cytoskeleton proteins 
(Loh and Huestis, 1993) give support to the hy­
pothesis tha t cytoskeleton proteins do not play a 
role in the m odulation of lipid asymmetry.

The loss of norm al phospholipid asymmetry has 
been associated with m any physiological and 
pathological phenom ena (W esterm an et al., 1984),
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including cell death, sickle cell anem ia (Kuypers et 
al., 1994) and aged cells (Kuypers et al., 1996), 
where the am inophospholipid translocases are se­
verely impaired.

The objective of this work is to evidence alter­
ations in the passive electrical param eters (i.e., the 
m em brane perm ittivity e '  and the m em brane con­
ductivity o) of the red blood cell m em brane occur­
ring during storage and to suggest how these 
changes, particularly in the m em brane conductiv­
ity, could play an im portant role in the control of 
m em brane asymmetry. The appearance of phos- 
phatidylserine (PS) into the outer m em brane leaf­
let of erytrocyte cells, that catalyses the clot form a­
tion, could be favoured by an increase of the 
overall m em brane conductivity causing its passive 
diffusion across the bilayer. The exact m echanism  
by which phosphatidylserine moves tow ards the 
ou ter m onolayer is still not com pletely understood 
and the modification in the electrical state of the 
m em brane may be proposed as an initial m ediator 
of this event.

Using two combined techniques such as flow cy- 
tofluorim etric m easurem ents and radiowave di­
electric spectroscopy m easurem ents we have m ea­
sured, under certain in vitro conditions, the age- 
dependent changes in the electrical param eters of 
the cell m em brane and the loss of phospholipid 
asymmetry, particularly the age-dependent 
increase of phosphatidylserine at the m em brane 
surface.

These two different events occur in different 
time scales and our investigation suggests tha t a 
structural rearrangem ent of the m em brane, as re ­
vealed by the increase of the m em brane conduc­
tivity after about 5 - 7  days of storage, could favour 
the phosphatidylserine exposure on the cell sur­
face, that begins to be detectable after 10 days and 
is highly significant within 20 days of storage.

Experim ental

H um an erythrocyte suspensions were prepared  
from fresh hum an venous blood obtained from  
laboratory volunteers. Erythrocytes were pelleted 
by centrifugation, washed twice with 0.9% NaCl 
and once with incubation buffer, SAG-M  buffer 
(NaCl 8.77 g/1, adenine base 0.211 g/1, m onohy­
drated  glucose 11.25 g/1, m annitol 6.56 g/1). This 
buffer does not differ from an alkaline, hypotonic,
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phosphate-containing solution [adenine, 2 m M ; 

dextrose, 50 m M ; m annitol, 20 m M ; NaCl, 75 m M ; 

N a2H P 0 4, 9 m M ] em ployed by Hess et al. (2000; 
2000a) where red blood cells were successfully 
stored for 9 -1 0  weeks, with in-vivo 24-hour cell 
recovery fractions greater than 80 per cent and 
with hemolysis of less than 0.5 per cent. The cell 
suspensions were finally diluted in the incubation 
buffer (SAG-M  buffer) to the appropriate hem a­
tocrit (0 = 10% ) and were stored at 4 °C.

The exposure of phosphatidylserine (PS) on the 
surface of stored erythrocytes was evaluated by 
im m unofluorescence and flow cytofluorimetric 
analysis, using an anti-PS m onoclonal antibody 
(CAL-13, IgG2b,k), with highly restricted binding 
specificity, since it is not reactive with phosphati­
dylcholine, sphingomyelin and phosphatidyletha- 
nolam ine (Ichikawa et al., 1992).

Cells (1 x 106) after washing three times in PBS, 
w ere incubated with anti-PS m onoclonal antibody 
(IgG ) in PBS/BSA 1% for 1 h at 4 °C, followed 
by addition of fluorescein isothiocyanate (FITC)- 
conjugated goat anti-m ouse IgG (y-chain specific, 
Sigma Chem. Co., St. Louis, (U SA )) for 30 min at
4 °C. A fter washing with PBS, fluorescence inten­
sity was analyzed by m eans of a Becton Dickinson 
cytom eter (Becton D ickinson, St. Jose, CA). Ten 
thousand events per sample were collected to en­
sure adequate fluorescence level. The light scatter 
and fluorescence channels were set on a logarith­
mic gain scale.

The dielectric and conductom etric m easure­
m ents were carried out in the frequency range 
from  1 kH z to  1 G H z by means of two Hewlett- 
Packard Im pedance Analyzers, mod. 4292A (in 
the frequency interval from  1 kHz to 10 M Hz) and 
mod. 4191A (in the frequency interval from 1 
M Hz to 1 G H z). The conductivity cell consists of 
a short section of a coaxial line and the calibration 
procedure, using standard liquids of known dielec­
tric constant and conductivity has been reported 
elsewhere (D iociaiuti et al, 1991).

We have followed the time evolution of the 
stored samples. A t different time intervals, appro­
priate aliquots of cell suspension were withdrawn 
from  the storage bag, im m ediately before each di­
electric and flow-cytofluorimetric measurements. 
D ielectric m easurem ents were carried out in a 
period of 13 days and cytofluorimetric m easure­
m ents for a period of 40 days. During the whole
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storage time, erythrocyte hemolysis, m easured by 
analyzing the hem oglobin content in the superna­
tant, was negligible (less than 1%).

The influence of a specific inhibitor on the 
am inophospholipid translocase was also studied. 
We use N-ethyl-m aleim ide (NEM ) that inhibits 
the am inophospholipid translocase by complexing 
a sulfhydryl group involved in the PS transport 
(Kuypers et al., 1993; Zachowski, 1993). Two dif­
feren t erythrocyte samples with a different trea t­
m ent were investigated. In the former, erythrocyte 
cells at an appropriate hem atocrit (0 = 10% ) were 
incubated for 30 min at room  tem perature in a 
buffer containing N EM  (Sigma) 10 m M . Subse­
quently, the cells were washed in SAG-M  buffer 
(w ithout N EM ) and then stored at 4 °C. A lterna­
tively, erythrocyte cells at 0 = 10% were incubated 
for 30 min at room  tem perature in a SAG-M  
buffer containing N EM  10 m M  and then stored di­
rectly in the same buffer. For both the samples, 
dielectric and conductom etric m easurem ents were 
taken  each day for a period of 10 days.

Finally, erythrocyte cells were directly stained 
with FITC-coniugated annexin V (B ender Med- 
Systems Diagnostics G m bH , Wien, A ustria). A fter 
washing with PBS at 4 °C, fluorescence intensity 
was analyzed by a C oulter Epics flow cytom eter 
(C oulter, H ialeah, FL).

Dielectric and conductometric measurements

The dielectric m odel o f  an erythrocyte cell

A n erythrocyte cell in an aqueous solution can 
be m odelled, from  an electrical point of view, as 
an oblate spheroid (the cytosol) characterized by 
a com plex conductivity

o*(co) = op + iOJ£0£p ( 1 )

covered by another confocal ellipsoid of thickness 
d (the cytoplasm atic m em brane) of complex con­
ductivity

cr*(w) = os + i(O £0£s (2)

and dispersed in a continuous m edium  (the ex tra­
cellular m edium ) of complex conductivity

0 ^ 0 ) )  =  Om +  i(O £0£m (3)

This scheme is com m on in the study of the dielec­
tric properties of heterogeneous systems. As far as 
red blood cell suspensions are concerned, the d e­
tails are elsewhere (Bordi et al., 1997). Briefly, un ­

der the influence of an (tim e-dependent) electric 
field, each cell experiences the presence of an in­
duced dipole m om ent resulting from the different 
electrical p roperties of the different m edia dis­
jo ined by the cell m em brane. The overall result of 
this com plex behaviour of the cell suspension is 
the appearance of a well-defined dielectric and 
conductom etric dispersion (known as the yS-disper- 
sion, already called M axwell-W agner dispersion) 
generally occurring in the radiowave frequency 
range whose characteristics (the dispersion 
strength and the relaxation tim e) depend on the 
aqueous phase-m em brane interface.

W ithin the effective m edium  theory approxim a­
tion (Foster and Schwan, 1986), the m em brane 
param eters (the perm ittivity £s and the conductiv­
ity os and the conductivity of the cytosol op) can 
be properly evaluated.

Analysis o f  the dielectric spectra

A  typical dielectric spectra (the perm ittivity e‘ 
and the electrical conductivity o) in the frequency 
range from  1 kH z to  1 G H z is shown in Fig. 1. 
As can be seen, the M axwell-W agner dispersion, 
occurring betw een 200 kH z and 100 MHz, is lo­
cated in betw een two o ther dispersions, the first at 
low frequency, due to the electrode polarization, 
and the second, at high frequencies, due to the 
orientational polarization of the w ater molecules. 
These two contributions m ust be properly taken 
into account in the procedure perform ed to extract 
the correct values concerning the interfacial polar­
ization of the erythrocyte suspension.

A s far as the high frequency dispersion is con­
cerned, the effective m edium  theory can be m odi­
fied by adding the contribution due to the dielec­
tric dispersion of the aqueous phase, as described 
by a D ebye-type relaxation function according to

< / \ • » / \ (&£) h2o . . .E HiOyw) ~ l£ Hioito) -  £h2o + r (4)
1 + io j x H l0

The dielectric param eters of the aqueous phase, 
(Af )//,o, £Hlo and rH,0  as a function of tem perature 
are given elsewhere (Hasted, 1973).

A t room tem perature, the relaxation time of the 
water is Th2o -  9 10'12 s, which corresponds to a 
relaxation frequency of vH2q = 17 GHz. Conse­
quently, this dispersion extends besides the fre­
quency range investigated in the present work and
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Frequency [Hz]

Fig. 1. Dielectric and conductometric spectra of red 
blood cell suspensions in the frequency range from 1  

kHz to 1 GHz. A): the permittivity e‘; B): the electrical 
conductivity a. The Maxwell-Wagner dispersion occurs 
in the frequency range from 200 kHz to 100 MHz. The 
electrode polarization effect (in the low frequency 
range) and the polarization of the aqueous phase (in the 
high frequency range) are also shown. The full lines re­
present the calculated values of the Maxwell-Wagner 
dispersion on the basis of the effective medium theory. 
The values of the electrical membrane parameters are 
shown in Figs. 3 and 4.

we can observe only its low-frequency tail. How­
ever, as can be seen in Fig. 1, the addition of this 
contribution is able to completely describe the ob­
served behaviour both in the permittivity and 
in the conductivity a  (see, for example, the 
increase in the conductivity a  between 500 MHz 
and 1 GHz).

As far as the electrode polarization effect is con­
cerned, we observe the typical increase, at fre­
quencies lower than 100 kHz, of the imaginary part 
of the complex impedance, resulting in the high val­
ues in the permittivity e‘. This behaviour can be 
taken into account if a impedance contribution gov­
erned by a power-law

Zpol = Ao)a (5)

is added to the measured impedance of the whole 
sample under investigation. The param eters A  and 
a are determined for each sample and for each tem ­
perature investigated following the procedure sug­
gested by Raico et al. (Raico et al., 1998). As can be 
seen in Fig. 1, the correction takes into account the 
electrode polarization contribution and allows to 
extract the “true” low-frequency values of the Max- 
well-Wagner dispersion.

A n im portant test of consistency of the whole 
procedure we have employed in the analysis of the 
dielectric data is that the same set of param eters 
are able to describe both the permittivity e‘ and the 
conductivity o  over the whole frequency range we 
have investigated.

Flow-cytofluorimetric measurements

Incubation of red blood cells with anti-PS m o­
noclonal antibody (IgG) used in flow cytom etry 
offers an appropriate m ethod for the determ ina­
tion of loss of norm al phospholipid asymmetry. 
Fig. 2 shows the flow cytometric analysis of red 
b lood cells at different storage times up to 40 days
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Fig. 2. Flow cytometric analysis of the reactivity of eryth­
rocyte cells at different storage time. Cells were stained 
with anti-PS monoclonal antibody, followed by incuba­
tion with FITC-conjugated goat anti-mouse IgG. A): 
fresh erythrocytes, mean fluorescence intensity [MFI] = 
5.00; B): erythrocytes stored for 10 days, [MFI] = 11.18; 
C): erythrocytes stored for 20 days, [MFI] = 27.98; D): 
erythrocytes stored for 30 days, [MFI] = 49.71. Histo­
grams represent cell number vs. log fluorescence, gated 
on erythrocyte population of a side scatter/forward scat­
ter histogram. The fluorescence intensity is plotted in 
three logarithmic decades on the x-axis.
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from  the initial preparation  of cell suspension. In 
the figure, histogram s represen t log fluorescence 
versus cell num ber, gated on erythrocyte popula­
tion of a side scatter/forw ard scatter histogram. 
Cell num ber is indicated on the _y-axis and fluores­
cence is represen ted  in th ree logarithm ic units at 
the x-axis.

Results and Discussion

O ur results show a progressive increase of phos- 
phatidylserine (PS) staining upon storage time, 
which dem onstrates an exposure of PS staining on 
the surface of erythrocyte cells. We investigated 
this phenom enon within 40 days of storage and 
observed that anti-PS m A B binds to the surface 
of aged cells. The cytofluorim etric analysis showed 
a tim e-dependent binding of the  antibody to  cell 
surface, as revealed by the increase of the m ean 
fluorescence intensity (M FI) (see Fig. 2). The 
increase in cell m em brane binding was highly sig­
nificant after 10 days (M FI = 11.2, against a value 
of about 5.0 at the initial day, p  = 0.001) and was 
m ore evident after longer incubation. The same 
binding was observed using FITC-conjugated an- 
nexin V (data  not shown), indicating the tim e-de­
pendent increase of PS expression on the surface 
of erythrocyte cells. The m ean fluorescence in ten­
sity, p roportional to  the am ount of PS located in the 
outer m em brane layer, is shown in Fig. 3, for both 
the inhibitor N EM  and the p ro te in  annexin V.

The electrical behaviour of the cell m em brane 
is sum m arized in Figs. 4 and 5, w here the electrical 
param eters os, es and ep are shown as a function 
of storage time, at three d ifferent tem peratures.

Storage time [days]

Fig. 3. The mean fluorescence intensity as a function of 
storage time. (O): NEM; (A): annexin V.

Fig. 4. The membrane conductivity as as a function of 
storage time at different temperatures: (Q): T  = 4 °C; 
(O): T = 24 °C; (□): T  = 37 °C. The full lines are the 
cubic spline fit of the data and serve to guide eye only.

Storage time [days]
Fig. 5. The membrane permittivity es (A) and the cyto- 
solconductivity crp (B) of red blood cell membrane as a 
functionof storage time at three different temperatures:
(Q): T  = 4 °C; (O): T  -  24 °C;(D): T  -  31 °C.

The main feature is a m arked increase of the m em ­
brane conductivity and m em brane perm ittivity at 
5 - 7  days from the initial storage, followed by a 
m ore or less regular decrease tow ard the initial 
values, at later time. This finding m ust be com ­
pared with the flow-cytofluorim etric m easure­
ments (Figs. 2 and 3) which display a progressive 
increase of the PS exposure as a function of time, 
although its maxim um  concentration occurs at
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about 3 0 -4 0  days from  the beginning of the stor­
age. If there is a correlation betw een the two ef­
fects, the alteration in the m em brane conductivity 
(an increase in the transport across the m em ­
brane) and in the m em brane perm ittivity (a dif­
ferent charge and or polar groups arrangem ent) 
could be considered as a precursory phenom enon 
that facilitates the phospholipid (PS) translocase 
across the cell m em brane.

A  strong support to a correlation betw een the 
two effects comes from  m easurem ents carried out 
in the presence of an inhibitor of the aminophos- 
pholipid translocase. Fig. 6 shows the m em brane 
conductivity as a function of tim e when the eryth­
rocyte cells are incubated with N-ethyl-m aleim ide 
(N EM ) inhibitor, with two different procedures. If 
the incubation occurs in a lim ited period of time 
and successively the inhibitor is rem oved from  the 
sample investigated, we observe an increase, al­
though smaller, in m em brane conductivity. On the 
contrary, if the presence of the inhibitor is m ain­
tained during all the storage time, the m em brane 
conductivity does not change with time and m ain­
tains its initial value during the observation time 
interval (up to 10 days). A t the same time, the 
expression of phosphatidylserine on the outer 
m em brane leaflet is strongly reduced and practi­
cally disappears. These findings suggest that the 
change in the electrical param eters of the cell

_o
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o  
O Jl3 W~o “
co X
°  w  (U
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Storage time t [days]

Fig. 6 . The membrane conductivity cts as a function of 
storage time normalized to the initial value (t = 0 ) of the 
conductivity, for three different erythrocyte suspensions 
(•): cells stored without inhibitor; (O): cells incubated 
with NEM for 30 min and subsequently washed and 
stored in SAG-M buffer solution; (Q): cells incubated 
with NEM for 30 min and stored in the presence of the 
inhibitor.

m em brane and the occurrence of phospholipid 
asymmetry in blood red cells are correlated  and 
that the first one could be a necessary and precur­
sory event for the second and m ore biologically 
relevant one.

N othew orthy both m em brane perm ittivity es 
and m em brane conductivity os show a rem arkable 
increase at about 6 - 7  days after the initial stora 
ge of the cell suspension, the  conductivity ap of 
the cytosol, however, does no t show any m arked 
changes at the same time, bu t it undergoes only a 
weak continuous increase as a function of time. 
This means that the overall ionic transport across 
the m em brane rem ains approxim ately unchanged 
(there is only a small increase upon tim e) and, 
above all, that the observed modifications in the 
m em brane perm ittivity and m em brane conductiv­
ity relate to the m em brane itself, ra ther than to  an 
alteration of the ionic fluxes tow ard the intracellu­
lar medium.

A lthough the dielectric cell m odel we have em ­
ployed (single shell m odel) cannot discrim inate 
between the outer and inner m onolayer of the 
m em brane bilayer, nevertheless, the pronounced 
changes in both  the m em brane perm ittivity es and 
conductivity os suggests th a t a functional and 
structural m odification in the  whole m em brane 
takes place, favouring the PS exposure at the 
m em brane surface with a consequent reduction of 
the phospholipid asymmetry.

Biological consequences of phospholipid asym ­
m etry have been discussed in detail by D evaux 
and Zachowski (1994). In particular, in red bood 
cells (Tait and Gibson, 1994) or platelets (G affet 
et al., 1994) storage, the externally exposure of 
phosphatidylserine increases steadily, the phenom ­
enon being dram atically relevant after ten days of 
storage. Interestingly, it has been suggested tha t 
reorientation of phosphatidylserine may be one of 
the recognition m echanisms in the circulation. 
This regulation plays an im portan t role in m em ­
brane-linked enzyme function, in blood coagula­
tion, in m odulation of the m acrophage im m une 
response and in various cell-cell interactions, in­
cluding m acrophage recognition of aged ery thro­
cytes and apoptotic or cancer cells or adherence 
of circulating cells to endothelial cells.

It should be noted that even limited level of he­
molysis will greatly in terfere with the in terp re ta­
tion of the data because in the dielectric analysis,
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the cell concentration m ust be exactly known and 
non-intact or partially open cell structures do not 
contribute to the dielectric dispersion. As far as 
the hemolysis is concerned, we have found that 
this effect is small and confined within less than 
1 % of the suspended cells and these levels are un­
able to cause the observed changes in the electrical 
m em brane param eters.

Nevertheless the dielectric m ethods probe the 
whole cell suspension and give only average val­
ues, they are an useful and non-invasive tool to 
investigate the overall electrical p roperties of b io­
logical systems, particularly biological cell suspen­
sions.
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