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Abstract

Red blood cell (RBC) swelling and membrane hole formation in hypotonic external media were studied by measuring the
time-dependent capacitance, C, and the conductance, G, in the beginning of the L-dispersion range. At high and moderate
osmolarities of the external solution the capacitance reaches a steady-state whereas at low osmolarities it reveals a biphasic
kinetics. Examination of RBC suspensions exposed to different concentrations of HgCl2 demonstrates that water transport
through mercury-sensitive water channel controls RBC swelling. Unlike the capacitance, an increase in the conductance to a
stationary level is observed after a certain delay. A comparison of G�t� curves recorded for the suspensions of the intact cells
and those treated with cytochalasin B or glutaraldehyde demonstrates the significant effect of the membrane viscoelasticity
on the pore formation. It is shown that the stretched membrane of completely swollen RBC retains its integrity for a certain
time, termed as the membrane lifetime, tmemb. Therefore, the resistivity of RBCs to a certain osmotic shock may be quantified
by the distribution function of RBC(tmemb). ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Assessments of the osmotic fragility, de¢ned as the
sensitivity of RBCs to the osmotic shock, are widely
used to elucidate mechanisms of ionic and molecular
transport across the plasma membrane and for diag-
nosis of certain hematological diseases [1]. Experi-
mentally, the conventional osmotic fragility test con-

sists of measuring the intensity of light transmitted
through the suspension of RBCs in hypotonic exter-
nal media. It is assumed that at V= 540 nm, where
measurements are usually performed, only Hb con-
tributes to the light absorption. In accordance with
experimentally con¢rmed theory [2] suggested for
turbid media with large light absorbing particles
[3,4], the expression for the time-dependent intensity
of light, I�t�, transmitted through dilute RBC sus-
pensions, where the multiple light scattering may be
ignored, is written as follows:

I�t�=Io � expf3AHbcfHbext��t�clg�
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expf3lcHctc�AHbc�Hbcyt��t� � K �GrRBC�t�f=V ;

ncyt�t�=next�t��cZ GrRBC�t�f2�cHctg �1�

where AHb, l, K, GrRBCf, n and Hct are the extinction
coe¤cient of Hb, the optical length, the scattering
coe¤cient, the mean e¡ective radius of RBCs, the
refractive index and the volume fraction of the cells
termed hematocrit for blood and RBC suspensions,
respectively; subscripts ext and cyt stand for the ex-
ternal medium and cytosol.

The ¢rst exponential term in the right-hand side of
this expression is due to the light absorption by the
external Hb; the ¢rst and the second addend in bra-
ces of the second exponential term represent the at-
tenuation of the incident light by the absorption of
the intracellular Hb and by RBC scattering, respec-
tively. Obviously this equation which includes two
unknown variable parameters (i.e., GrRBCf and
Hbext)1 has no solution. However, since I�t� is usu-
ally measured at the maximum of the Hb absorption
band, it is believed that the light attenuation is pre-
dominantly caused by the Hb absorption. Indeed, if
the scattering term in Eq. 1 is omitted, this equation
may be used to extract the extra- (or intra-)cellular
Hb concentration from the transmittance. Unfortu-
nately, this assumption which is usually taken for
granted, is at least disputable. In contrast to the Ra-
leigh scattering, the intensity of light scattered by
particles larger than the wavelength of the incident
light depends weakly on the wavelength in the visible
region [5]. This means that except for suspensions of
erythrocyte ghosts in which ncytWnext, the scattering
term cannot be omitted even if measurements are
performed at the maximum of the Hb absorption
band. The experimental data [6] provide direct evi-
dence for this conclusion.

To circumvent the problem associated with the
need to consider both light scattering and absorp-
tion, it was recently suggested to monitor RBC lysis
by measuring the light intensity in the IR region

(V= 808 nm) [7] where the light absorption by Hb
is negligible and therefore lysis-induced changes in
the transmittance are due only to light scattering.
In order to distinguish between changes in RBC
refractive index cased by the swelling and Hb leak-
age, it was tentatively assumed that the rate of
swelling and the time which is required to form he-
molytic holes are the same for all RBCs in a popu-
lation. These assumptions, however, do not seem
realistic. Thus, it may be concluded that the optical
approach fails to distinguish between di¡erent
stages of RBC transformations in hypo(hyper)tonic
media.

Interpretation of experimental results obtained by
spectrophoto(nephelo)metry faces also another prob-
lem. In the general case, the time-dependent intensity
of light transmitted through RBC suspension is af-
fected by the following processes: (a) the swelling of
RBCs, (b) the hole formation, (c) the intracellular
Hb di¡usion to the membrane hole(s), (d) the pas-
sage of Hb through the hemolytic hole(s) and (e) the
Hb di¡usion in the extracellular medium. The light
intensity changes until Hb reaches the steady-state
homogeneous distribution in the external medium.
The time required to reach the steady-state Hb dis-
tribution is therefore:

t31 � t31
swel � t31

hole � t31
inter � t31

pas � t31
ext �2�

where subscripts swel, hole and pas denote RBC
swelling, the hole formation and the Hb transit
through the hole, respectively.

The kinetics of the transmittance re£ect either the
swelling or the Hb leakage or a superposition of
these processes provided that tswel, tpas, tholeEtinter,
text. Since the osmotic fragility of RBCs is deter-
mined in quiescent suspensions with HctW2U1033^
4U1033 v/v [1], the mean intermembrane separation,
l, in these dilute suspensions varies from 2.0U1033 to
2.5U1033 cm. The value of text is calculated applying
the Einstein relation: text = 2U2/DHb, where x = l/2
and DHb is the di¡usion coe¤cient of Hb. Inserting
in this relation the calculated values of l and a real-
istic value of DHb (1038 cm2/s) yields textW13^20
min, whereas the experimental observations show
that ``lysis is virtually complete at the end of 30
min'' [1]. The following question arises: `Does a
time-dependent intensity of light transmitted through

1 If [Hb]ext (or [Hbcyt]) are known and assuming that the ex-
ternal medium and cytosol may be treated as aqueous Hb solu-
tions, values of next and ncyt may be calculated with the use of the
empirical Gladstone^Dale formula which relates the refractive
index of a molecular solution to its chemical composition.
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quiescent, dilute RBC suspension re£ect solely the
Hb di¡usion in the continuous medium?'

The main conclusion from this analysis is that op-
tical monitoring can hardly provide reliable informa-
tion about RBC lysis. It thus becomes clear that
other methodological approaches are required to in-
vestigate the osmotic fragility of RBCs.

Since dielectric spectra depend on RBC morphol-
ogy and the conductivities of cytosol, RBC mem-
brane and the external medium, it seemed quite rea-
sonable to check whether dielectroscopy or its
simpli¢ed versions may provide more adequate infor-
mation about RBC lysis. The main advantage of this
approach is that it is capable of di¡erentiating be-
tween RBC swelling in hypotonic media and the ly-
sis-induced hole formation. Furthermore, unlike op-
tical methods, the problems associated with the
di¡usion of the intracellular content are no longer
important.

If measurements are performed for the parallel
circuit mode, the conductance and the capacitance
of RBC suspensions relate to the components of
the equivalent electrical network of the suspension
(Fig. 1) as follows:

G � fRcyt � Rmemb=�1� gCmembRmemb�2�g31 � R31
ext

�3�

C � �1� �gCmembRmemb�2�=g 2CmembR2
memb �4�

where g is the circular frequency.
Investigations of the RBC lysis at a relatively high

osmolality of the hypotonic solution revealed the
formation of a single hole in the membrane [8]. If
G and C of dilute RBC suspension (Hct9 0.04^0.05
v/v) are measured in the beginning of the L-disper-
sion range (fW0.1^0.2 MHz), regardless of whether
or nor a single hemolytic hole with a radius of 100^
1000 Aî [9] is formed, (gCmembRmemb)2E1 and
{Rcyt+1/[(gCmemb)2Rmemb]}31IR31

ext . Given these
non-equalities, Eqs. 3 and 4 reduce to:

GWR31
ext �5�

and

CWCmemb �6�
The conductance of dilute cellular suspensions

measured in the beginning of the Maxwell-Vagner
polarization range approaches the DC one, which
obeys the Bruggeman-type equation [10]:

G � Goc�13Hct�m �7�
where Go and m are the conductance of the suspend-
ing medium and the shape-dependent parameter, re-
spectively.

Although this equation predicts a shape depen-
dence of the suspension conductivity, no measurable
di¡erences between conductivities of suspensions of
spherocytic, echinocytic and randomly oriented dis-
cocytic RBCs were found [11,12]. Therefore, the m
value for spheres (m = 2/3 [10]) was used for calcula-
tions of Go. Provided that the ion concentration of
the suspending medium is lower than that of cytosol,
a time-dependent increase in Go quantitatively re-
£ects the ion leakage from lysed RBCs.

The swelling of RBCs exposed to a hypoosmotic
shock increases the e¡ective radius of the cells. The
theory of the Maxwell^Vagner polarization [13,14]
and the experimental results [15] point out that the
mean e¡ective radius of the dispersed particles in
RBC suspensions relates to the capacitance measured
in the beginning of the L-dispersion, as follows:

CO�9CRBC=4Ao�cGrRBCfcHct=�1� 0:5cHct�2 �8�
where CRBC and Ao are the speci¢c membrane capaci-
tance and the permittivity of free space.

However, changes in the capacitance are expected
to be observed not only due to RBC swelling. It is
quite possible that RBCs with many large hemolytic
holes are formed in the suspension with a low osmo-

Fig. 1. The equivalent electrical circuit of RBC suspension; sub-
scripts memb, cyt and ext stand for the membrane, cytosol and
the external medium.
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lality of the hypotonic medium. Depending on the
number of hemolytic holes and their radii, the mem-
brane capacitance must be completely, or partially,
shorted out by a low membrane resistance thereby
reducing the contribution of the capacitive resistance
(1/gCmemb) to the impedance of the equivalent elec-
trical scheme (Fig. 1). Experimentally, the tendency
of blood impedance to approach purely resistive be-
havior will be manifested by a decrease in the capaci-
tance. Thus, it is expected that at high and moderate
osmolarities of the hypotonic solution the capaci-
tance will increase to a stationary level, whereas at
low osmolarities it will reveal a biphasic kinetics. In
the latter case, the ascending and descending
branches of a C�t� curve will re£ect RBC swelling
and the formation of strongly porated RBCs, respec-
tively.

Thus, it is anticipated that measuring the capaci-
tance and conductance at a frequency far below the
mid-point of the L-dispersion range will allow a dif-
ferentiation between morphological transformations
of RBCs and the formation of hemolytic hole(s) in
the membrane. In order to clarify whether this pre-
diction is correct, this study was undertaken.

2. Materials and methods

2.1. Blood samples and RBC treatment

Blood units, within 7 days after donation, were
supplied by the blood bank of the Soroka University
Medical Center (Beer-Sheva, Israel). The lysis of
both intact and treated RBCs was investigated. To
clarify whether water di¡usion across the lipid bi-
layer or through water channels plays the main role
in RBC swelling, the cells were incubated with HgCl2
^ a classical water channel blocker (e.g., [16]). In
these experiments, the following protocol was used:
(1) plasma was removed by aspiration after 10 min
centrifugation at 300Ug ; (2) HgCl2 was dissolved in
plasma; (3) RBC pellet and plasma containing di¡er-
ent concentrations of HgCl2 were mixed. Measure-
ments were performed after incubation with HgCl2
for approx. 1 h.

The e¡ect of the membrane viscoelasticity on the
kinetics of RBC lysis was studied using cells treated
with cytochalasin B (Sigma Chemical, USA) or glu-

taraldehyde, GA (Sigma). The former reagent in-
creases RBC deformability whereas the latter one
decreases it. To treat the cells with cytochalasin B,
1 ml of saline containing 0.5 mg cytochalasin B was
added to 9 ml of whole blood. To prepare the sus-
pension of the treated cells with the same Hct as in
whole blood, after incubation with cytochalasin B at
room temperature for 3 h, 1 ml of the external me-
dium was removed by aspiration after 10 min centri-
fugation.

Cells with the enhanced membrane rigidity were
prepared as follows: plasma was removed as de-
scribed above, the RBC pellet was washed once
with phosphate-bu¡ered saline (PBS) and ¢nally,
PBS containing di¡erent concentrations of GA was
added to the pellet. RBC suspensions were examined
after incubation with GA for approx. 30 min.

2.2. External media

RBC lysis was studied in the glycerol (0.3 M; Sig-
ma) containing external media. Unlike the standard
glycerol lysis test [17], the isosmotic low ionic
strength solution (30.8 mM NaCl, 1.5 mM
Na2HPO4, 1.5 mM NaH2PO4 and 240 mM glycine;
pH 6.8) was used instead of saline or PBS. This low
ionic strength solution, LIS, is applied in clinical
hematology [1]. The osmolality of the hypotonic me-
dia was varied by changes in the ratio of LIS volume
to that of distilled water. The application of LIS was
motivated by the following reasons. (a) The scale of
lysis-induced changes in the conductance and conse-
quently the accuracy of its measurements increases as
the di¡erence between the conductivities of the exter-
nal medium and cytosol increases. (b) The impedance
of the measuring chamber ¢lled with RBC suspen-
sion is the sum of those of electrodes and RBC sus-
pension. Although the absolute value of the electrode
impedance correlates negatively with the conductivity
of the external solution, its contribution to the total
impedance reduces with a decrease in the conductiv-
ity of the external medium. (c) The frequency range
at which the dispersion of the electrode double layer,
EDL, is observed, depends on the product of IcDion,
where I and Dion are the ionic strength and the ion
di¡usion coe¤cient. In suspensions with low con-
ducting media, the dispersion of EDL is shifted to-
wards lower frequencies which should be below the
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L-dispersion range. (d) Examinations of suspensions
with a low Hct implies small swelling-induced
changes in the capacitance. Therefore, the capaci-
tance must be measured with the highest possible
sensitivity and accuracy. The expression for the
phase angle, a, of the suspension is written as fol-
lows: tga=gcAocA/c, where A and c are the permit-
tivity and conductivity of the suspension. This equa-
tion indicates that low conducting external media
should be used to improve the sensitivity of capaci-
tance measurements. Nevertheless, even using these
media, because of low Hcts, the noise-to-signal ratio
was relatively high. Therefore, capacitance signals
were smoothed by FFT ¢ltering (the number of
points for smoothing was 5). The comparison of
the original and smoothed signals shown in Fig. 2
points out that this data processing does not change
the shape of C�t� curves.

2.3. Measurements of the conductance and
capacitance

The measurements were carried out for the parallel
circuit mode using a HP 4285A LCR meter equipped
with a HP 16047A test ¢xture (Yokogawa Hewlett-
Packard, Tokyo, Japan). A low voltage test signal
(10 mV) was employed in order to reduce the current
density; the time required for each measurement was
200 þ 15 ms. Raw experimental data were transferred

via a GPIB interface to a computer and then the
measured capacitance was corrected for the e¡ects
of the series inductance (5.2U1038 H) and the stray
capacitance (1.5 pF).

The conductance and capacitance of RBC suspen-
sions at a frequency of 0.2 MHz were measured in a
plexiglas cylindrical chamber (1.8 cm diameter) ¢tted
with two opposing nonpolarizable Ag/AgCl elec-
trodes (0.8 cm diameter; INV Co., CA, USA) em-
bedded in the chamber's wall at equal distances from
the bottom of the chamber and the top level of the
suspension (V2 cm).

To eliminate the e¡ect of RBC sedimentation on
the measured signals, hypotonic solutions and the
suspension obtained after the addition of blood to
these solutions were mixed with a magnetic stirrer
(model F-13, Field Electric, Haifa, Israel). No mea-
surable e¡ect of stirring on the level of electromag-
netic noises was observed.

Although electrode polarization at f = 0.2 MHz is
no longer a serious problem even for polarizable
electrodes [14], a priori, one could not completely
rule out that transient signals are a¡ected by shear-
induced changes in the electrode adsorption of plas-
ma surface-active molecules, an increase in the ap-
parent di¡usion coe¤cient caused by rotation of the
cells in the shear £ow [18] and alterations in the
Warburg impedance of the electrodes. To determine
to what extent shear-induced changes in the electrode
impedance a¡ect time dependencies of the capaci-
tance and the conductance, G�t� and C�t� curves
measured for stirred and unstirred conditions were
compared. The similarity of the signals recorded dur-
ing a rather short time (V150 s) (data not shown)
clearly indicates that shear-induced changes in the
electrode impedance have no measurable e¡ect on
G�t� and C�t�.

Addition of blood to the low conducting hypoton-
ic solution and RBC lysis increase the ion concen-
tration in the external medium thus causing a de-
crease in the thickness of the electrode Gouy layer
and an increase in its conductivity. Therefore, the
transient signals might be also a¡ected by these
changes in EDL. To clarify whether the time-scale
of this e¡ect is comparable with that of lysis-induced
changes in G and C, the measurements were per-
formed before and after addition of the same vol-
umes of blood and native plasma to the same volume

Fig. 2. Comparison between recorded (dashed line) and
smoothed (solid line) capacitance signals. The vertical arrow in-
dicates the instant when blood was added to the hypotonic so-
lution.
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of the hypotonic solution. The results of these experi-
ments, shown in Fig. 3, indicate that long-term
changes in both G and C are observed only for
RBC suspensions. Therefore one may conclude that
these changes are associated with processes in the
bulk of RBC suspensions.

Another potential source of artifacts might be due
to changes in the spatial Hct distribution from
strongly nonhomogeneous (instantaneously after
blood was added to the hypotonic solution) to ho-
mogeneous. To determine the time required to reach
the uniform RBC distribution, G and C were re-

corded before and after 1 ml of the suspension of
GA ¢xed RBCs in PBS ([GA] = 1.0%; Hct = 0.58
v/v) was added to 12 ml of isotonic LIS or PBS. It
was found that stationary levels of G and C are
reached within 2^3 s (data not shown). Thus, changes
in the spatial RBC distribution a¡ect the measured
signals only during this initial time interval.

To compare data obtained for suspensions with
di¡erent Hcts and with di¡erent external media,
time courses of G and C shown in the ¢gures repre-
sent the di¡erence between values of the signals at a
certain time and at t = 2^3 s.

Fig. 4. The e¡ect of the hypotonic solution/blood ratio (shown in ¢gures) on the time-dependent changes in the conductance of the
external medium (a) and on the rate of RBC swelling (b). The ratio of water to LIS in the external medium is 2.25.

Fig. 3. Time courses of the conductance (a) and the capacitance (b) recorded before and after 1 ml of blood or plasma were added to
12 ml of the hypotonic solution. The water/LIS ratio in the hypotonic solution is 2.2. The instant when blood or plasma were added
is indicated by vertical arrows.
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Addition of blood to the hypotonic solution and
ion leakage from lysed RBCs increase the osmolality
of the external medium. In this case, experimental
results may depend not only on intrinsic RBC prop-
erties and the initial osmolality of the hypotonic so-
lution, but may also be a¡ected by the hypotonic
solution/blood ratio. Comparison of time-dependent
conductances of the external medium normalized to
Hct {vG/[Hctc(13Hct)2=3] =vGo/Hct} and of kinetics
of RBC swelling [vCc(1+Hct)2/HctOvrRBC] shown in
Fig. 4 indicate that this e¡ect must be considered at
ratios of the hypotonic solution/blood smaller than
7. Therefore, to avoid this problem, apart from the
suspensions incubated with HgCl2, experiments were
performed at the hypotonic solution/blood ratio of
12.

3. Results

3.1. The e¡ect of the osmolality

Time courses of vG and vC recorded after 1 ml of
whole blood (Hct = 0.48 v/v) was added to 12 ml of
the hypotonic solutions with di¡erent osmolarities,
are shown in Fig. 5. As predicted, biphasic kinetics
of the capacitance are observed for suspensions with
low osmolarities of the external medium (Fig. 5b).
The osmolality of these solutions has a small in£u-
ence on the ascending branch of the kinetic curves,
whereas quite measurable e¡ect of the osmolality on
the descending branch is observed: the kinetics of
decrease in the capacitance slows down and their sta-
tionary levels increase as the osmolality increases. A

further increase in the osmolality abolishes the de-
scending branch of C�t� curves and slows down the
initial kinetics of the capacitance (Fig. 5c).

Unlike the capacitance, an increase in the conduc-
tance to stationary values is observed after a certain
delay. The time delay before the conductance starts
to change becomes longer and the steady-state level
of the conductance decreases as the osmolality in-
creases (Fig. 5a). Measurements performed during
20 min for the hypotonic solution with the water/
LIS ratio of 0.5 did not reveal measurable changes
in the conductance (data not shown).

The ¢ndings shown in Fig. 5 may qualitatively be
explained as follows. Depending on the osmolality of
the suspending medium, the increase in the capaci-
tance re£ects either RBC swelling alone or a super-
position of this process and the formation of strongly
porated RBCs. The formation of membrane hole(s)
causes an ion £ux into the external medium which is
manifested by an increase in the conductance.
Although it is postulated (but, to our knowledge,
never was experimentally veri¢ed) that lysis occurs
immediately after the cells increase their volume by
V70% [1], the results obtained at the highest osmo-
lality of the external solutions (Fig. 5a,c; water/
LIS = 0.8) indicate that even a signi¢cant extent of
swelling does not lead to hole formation. Opposite to
what is often thought, ¢ndings showing an increase
in the conductance while the capacitance already
reached the steady state (Fig. 5a,b), suggest that
the membranes of swollen, spherical RBCs may
remain unbroken for a certain time. If so, one may
assume that the delay time is the sum of tswel and
the lower limit of the lifetime of the stretched

Fig. 5. Time-dependent changes in the conductance (a) and capacitance (b,c) recorded after 1 ml of whole blood (Hct = 0.48 v/v) was
added to 12 ml of hypotonic media. The ratios of water to LIS in the hypotonic media are shown in each panel.
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membranes under in£uence of a given osmotic pres-
sure.

3.2. The lysis of RBCs incubated with the
water channel blocker

In order to clarify whether water di¡usion across
the lipid bilayer or water transport through the mer-
cury-sensitive aquaporin water-channel proteins con-
trols RBC swelling, suspensions of RBCs treated
with di¡erent concentrations of HgCl2 were exam-
ined. In these experiments the volume ratio of the
hypotonic medium to RBC suspension was increased
to 5.5 to improve the sensitivity of the capacitance
measurements. The results of these measurements
(Fig. 6a) point out that the rate of swelling and the
steady-state size of RBCs correlate negatively with
the concentration of this water channel inhibitor.
The steady-state volume of RBCs treated with 3.5
mM HgCl2 is smaller than that of nontreated cells
by a factor of V1.4, thus indicating inhibition of a
signi¢cant number of the water channel. Note, how-
ever, that these data alone do not allow quantitative
characterization of the inhibitory HgCl2 e¡ect. The
osmotic water permeability is usually characterized
by the hydraulic conductivity, Lp [19]:

Lp � 2:8crRBC=�6ct1=2c�M � Z �� �9�
where t1=2, M and Z are the half-time for water £ow

equilibration, the volumetric elastic (or tangent mod-
ulus for plasma membranes which are non-linear
elastic materials) and the intracellular osmotic pres-
sure.

By assuming that the membrane viscoelasticity is
not a¡ected by HgCl2, this equation may be used to
extract Lp values from the capacitance data alone.
However, the signi¢cant e¡ect of HgCl2 on the
hole formation (Fig. 6b) which may presumably be
accounted for by changes in RBC viscoelastic prop-
erties, suggests that the capacitance data alone may
not be su¤cient for a quantitative characterization of
the inhibitory HgCl2 e¡ect.

3.3. The e¡ect of RBC membrane viscoelasticity on
the hole formation

To clarify the e¡ect of RBC membrane viscoelas-
ticity on the hole formation, suspensions of RBCs
treated with cytochalasin B and GA were studied.
Representative results for cytochalasin-treated
RBCs suspended in the hypotonic media with two
di¡erent osmolarities are presented in Fig. 7. Regard-
less of the osmolality, the treatment with cytochala-
sin B decreases the time delay of the hole formation
(Fig. 7a,c). The e¡ect of altered viscoelasticity of
RBC membrane at high osmolality (water/
LIS = 1.5) is manifested by faster kinetics of the con-
ductance and a higher level of its steady state

Fig. 6. The e¡ect of HgCl2 on the kinetics of the capacitance (a) and conductance (b). The concentrations of HgCl2 (in mM) are
shown in the ¢gures. The water/LIS ratio in the hypotonic medium is 1.5. The transient signals were recorded after addition of 2.0 ml
of RBC suspension (Hct = 0.65 v/v) to 11 ml of the hypotonic bu¡er.
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Fig. 7. Comparison between time courses of the capacitance (a,c) and conductance (b,d) recorded for suspension (Hct = 0.53 v/v) of in-
tact (solid lines) and cytochalasin B-treated cells (dashed lines). The water to LIS ratio is shown in each panel. The inset in d shows
the initial kinetics of the capacitance.

Fig. 8. The e¡ect of RBC rigidity on the kinetics of the conductance (b) and capacitance (a). The GA concentrations (in %) are
shown in each panel. The Hct value and the water/LIS ratio are 0.58 v/v and 2.3, respectively.
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(Fig. 7c). For suspensions of cytochalasin B treated
RBCs the maximum of the C�t� curve at low osmo-
lality (water/LIS = 19) reduces and its position is
shifted towards shorter times (Fig. 7b), whereas at
high osmolality, a higher steady-state level of the
capacitance and faster its initial kinetics are observed
(Fig. 7d). These results point out that the cells with
more deformable membranes are characterized by a
lower resistivity to the osmotic shock. If so, the op-
posite situation must be observed for RBCs with the
enhanced membrane rigidity. In order to check this,
suspensions of RBCs treated with GA were exam-
ined. As expected, the treatment with GA lowers
the stationary levels of the conductance and the ca-
pacitance, slows down the rate of their increase and
lengthens the time delay of the conductance (Fig. 8).
The higher the GA concentration, the larger are
these e¡ects. Thus, the results shown in Figs. 7 and
8 clearly indicate that the membrane viscoelasticity is
an important factor which a¡ects the hole formation.

4. Discussion

RBCs suspended in hypotonic media undergo the
following transformations: the swelling followed by
the formation of hole(s) in the membrane. Although
the results suggests that capacitance data may pro-
vide quantitative information about RBC swelling, it
was decided, in order to keep the volume of this
paper at a reasonable level, to focus this study on
the hemolytic hole formation.

In general, the ion £ux through aqueous holes de-
pends not only on their diameter and the concentra-
tion gradient, but may also be a¡ected by many oth-
er factors such as, for example, the transmembrane
potential, concentration-dependent ion^ion interac-
tions in a hole, the intensity of the local electrical
¢eld inside a hole, its position relative to the external
electrical ¢eld and its intensity. Fortunately, given a
large diameter of hemolytic holes (100^1000 Aî [16])
and their small number per RBC at relatively high
osmolality of the hypotonic bu¡er [8,20], this prob-
lem is simpli¢ed and reduces to Fick's law.

A priori, one cannot completely rule out the pos-
sibility that the time dependencies of the conductance
are controlled by the time of unsteady-state ion dif-
fusion through hemolytic holes. If so, the time re-

quired to equalize the intra- and extracellular ion
concentrations will depend on ion concentrations in
the external medium before and after RBC lysis.
Other conditions being equal, these concentrations
depend solely on the blood/external solution ratio.
Therefore, if G�t� curves re£ect the ion transport
through holes, the time required to reach a steady-
state conductance must depend on this ratio. How-
ever, the experimental results (Fig. 4a) show that this
time remains approximately unchanged at blood/he-
molytic solution ratios from 0.09 to 0.33. Therefore,
one may conclude that other factors a¡ect the ki-
netics of the conductance.

Assuming that the £ux of the ith ionic species is
not a¡ected by £uxes of other ions, ¢rst Fick's law
for the passive ion leakage through holes formed in
the membranes of all RBCs in a population, is writ-
ten as follows:X

i

dci
ext=dt � Z GNfcGrholef

2cHctc��13Hct�cGVRBCfcl�31c

X
i

Dic�ci
cyt3ci

ext� �10�

where c, GNf, Grholef, GVRBCf, l and D are the ion
concentration, the average number of holes per
RBC and their average radius, the average RBC vol-
ume, the membrane thickness and the ion di¡usion
coe¤cient, respectively; subscript i stands for the ith
ionic species.

Inserting the equation for the material balance:

ci
extc�13Hct� � ci

cytcHct � consti �11�

into Eq. 10 and integrating it, yields:

3
X

i

ln�consti3ci
ext� � Z cGNfcGrholef

2c
X

i

Dictc

��13Hct�cGVRBCfcl�313
X

i

ln�consti3ci
ext�t � 0��

�12�

where consti is the total amount of ion i in the ex-
ternal and internal media.

Decomposing gi ln(consti3cext
i) in the Taylor ser-

ies, this equation may be re-written in the following
form:
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X
i

Xr
n�1

�ci
ext=consti�n � Z cGNfcGrholef

2c
X

i

Dictc

��13Hct�cGVRBCfcl�313

X
i

ln�consti3ci
ext�t � 0��3

X
i

ln�consti�
( )

�13�

Since low Hct values and low conducting hypoton-
ic solutions were used in this study, the external me-
dia are dilute solutions of strong electrolytes even if
the cells are completely hemolyzed. In this case, the
ion mobility approaches that at in¢nite dilution and
therefore the conductivity of these solutions equals to
the product of FcgiWr

iccext
i, where F and Wr

i are the
Faraday constant and the mobility of the ith ionic
species at in¢nite dilution. Since the limiting mobili-
ties of the main current carriers (K� and Cl3) di¡er
within þ 2% [21] and taking into account that gicext

i/
consti = Gext(t)/[Gext(t = 0)+vGhem], Eq. 13 may be re-
written as follows:Xr
n�1

fGext�t�=�Gext�t � 0� � vGhem�gn=n �

Z cGNfcGrholef
2
X

i

Dictc��13Hct�cGVRBCfcl�313A

�14�

where Gext(t = 0) and vGhem are the conductance of
the suspension at t = 0 and the change in the conduc-
tance of the external medium caused by the complete
hemolysis of all RBCs in the suspension. The value
of vGhem equals the di¡erence between the conduc-
tances measured before and after complete RBC
hemolysis in the suspension with the lowest osmolal-
ity of the external solution; A =giln[consti3cext

i

(t = 0)]3giln(consti). Obviously, A is a constant pa-
rameter for a certain RBC suspension.

For treatment of the experimental data it is con-
venient to write this equation in a simpli¢ed form:

v B �Gext�t�� � B �Gext�t��3B �Gext�t � 0�� �

GNfcGrholef
2ctcB �15�

where B [Gext(t)] =gr
n�1{Gext(t)/[Gext(t = 0)+vGhem]}n/

n and B =ZcgiDic[(1-Hct)cGVRBCfcl]31.

To compute values of B (Gext) with a high accuracy
(the remainder term 6 1034), the 5th-order approx-
imation of the Taylor series was used. Since RBC
morphology has no measurable e¡ect on the conduc-
tance of dilute RBC suspensions [11,12], lysis-in-
duced changes in the product of GNfcGrholef

2 (i.e.,
the hole formation) is the only factor a¡ecting vB
[Gext(t)].

Eq. 15 predicts that the kinetics of the conduc-
tance should depend on both the time-dependent
number of holes and the rate of hole expansion.
However, studies of RBC membrane electroporation
show that the formation of hydrophilic pores takes
V100 Ws [22], thus suggesting that the observed ki-
netics of the conductance cannot be accounted for by
hole expansion. It follows that vB [Gext(t)]ON(t)c
Grstf

2, where Grstf is the average steady-state radius
of hemolytic holes.

A priori, however, one cannot rule out that the
Grstf value is a¡ected by the external ion concentra-
tion. Indeed, reported data obtained for erythrocyte
ghosts point out that the steady-state size of hemo-
lytic holes increases drastically as the external con-
centration of cations is reduced below 30^40 mM
[20]. If this is also the case for erythrocytes and the
steady-state size of hemolytic holes is controlled by
the external ion concentration, the time dependence
of vB(Gext) must be a¡ected by the hypotonic solu-

Fig. 9. vB(Gext) versus time curves for di¡erent hypotonic solu-
tion/blood ratios (shown in the ¢gure). The water to LIS ratio
in the hypotonic solution (1.67) is the same for all cases.
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tion/blood ratio. However, the similarity of vB(Gext)
versus time curves for di¡erent hypotonic solution/
blood ratios (Fig. 9) suggests that the steady-state
size of the hemolytic holes is una¡ected by the exter-
nal ion concentration. Therefore, it may be con-
cluded that the value of Grstf remains unchanged dur-
ing RBC lysis and consequently, the time
dependencies of vB(Gext) plotted in Fig. 9, re£ect
the kinetics of hole accumulation.

In order to clarify whether RBC lysis occurs im-
mediately after the cells become spherical, the ki-
netics of RBC swelling and of the hole formation
should be compared. The time-dependent e¡ective
radius of RBCs was calculated (Eq. 8) from the ca-
pacitance data obtained for the suspension with a
relatively high osmolality of the hypotonic solution
using CRBC = 1.3 WF/cm2 [15]. The maximal rRBC val-
ue of 3.70^3.75 Wm (Fig. 10) which is characteristic
for spherical RBCs, testi¢es that the overwhelming
majority of the cells is completely swollen. Provided
that once a RBC is completely swollen, its membrane
is ruptured without delay, the same time will be re-
quired for GrRBCf and GNf to reach maximal values.
However, the data shown in Fig. 10 contradict this
assumption. A comparison of the kinetics of the
swelling (e.g., rRBC(t)) and of the hole formation
clearly indicates that the stretched membrane of
completely swollen RBC retains the integrity for a
rather long time, which will be termed as the mem-
brane lifetime, tmemb.

If resealing of erythrocyte membrane does not play
an appreciable role in the hole formation and only a
single hole is formed in the membrane, RBC trans-
formations in hypotonic media may be described by
the following kinetic scheme:

RBCdiscoidÿ!tswel RBCsp�0�ÿ!tmembRBCsp�1� �16�

where the digit in parentheses indicates the number
of holes in the membrane of a spherical RBC.

In terms of the formal kinetics, the hole formation
is a ¢rst order process and hence, the probability of
hole formation, P, is equal to 13 exp(3t/tmemb).
Since, in this case, tmemb must be substantially short-
er than the time which is required for the total num-
ber of hemolytic holes to reach a steady-state, tst, P
essentially equals unity at t s tst. If so, the steady-
state number of spherical cells and hemolytic holes
must be the same regardless of the osmolality of the
external medium. The results (Fig. 11), however, dis-
agree with this assumption. While the steady-state
radius of RBCs (V3.70 Wm) indicates that at these
osmolarities of the external medium all cells acquire
the spherical shape (Fig. 11a), the steady-state
number of the hemolytic holes decreases with an
increasing tonicity (Fig. 11b). Thus, the ¢ndings
clearly show that the spherical shape is necessary
but not a su¤cient condition for the hole forma-
tion.

To explain the results presented in Fig. 11, it may
be suggested that the hole in the stretched membrane
of a spherical RBC is formed only if the intracellular
pressure exceeds a threshold value. If that is the case,
P for a certain spherical RBC in a population must
change in a step-wise fashion: P = 0 at t9tmemb and
P = 1 at tvtmemb. Since the membrane lifetime of an
ensemble of spherical RBCs is characterized by a
distribution function, RBCsp(tmemb), the number of
holes formed at a time longer than that which is
required to reach the steady-state number of spher-
ical RBCs, RBCst

sp, equals vt0 RBCst
sp(tmemb)dt.

Obviously, for the single-hole regime vt0RBCst
sp

(tmemb)dt9RBCst
sp, an increase in the osmolality

shifts the distribution function of tmemb to longer
times and consequently, decreases the value of
vt
0RBCst

sp(tmemb)dt ; In other words, the number of
hemolytic holes formed at a time longer than that
which is required to reach the steady-state number

Fig. 10. Time-dependent increase in the mean e¡ective radius of
RBCs (dashed line) and the kinetics of hole accumulation (solid
line) in the suspension with the water/LIS ratio of 1.5.
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of spherical RBCs, must correlate negatively with the
osmolality. Moreover, one cannot completely rule
out that above a certain tonicity of the hypotonic
solution the value of vt

0RBCst
sp(tmemb)dt will approach

zero. In this case, no measurable number of holes in
the membranes of spherical cells will be formed.
These predictions are in full agreement with the re-
sults shown in Fig. 11.

5. Concluding remarks

The following main conclusions may be drawn
from the results reported herein:

1. The time record of the capacitance and conduc-
tance may be used to distinguish between RBC
swelling and hole(s) formation in hypotonic me-
dia.

2. RBC swelling is largely controlled by water trans-
port through aquaporin water channels.

3. The main factor a¡ecting the hole formation in
the membrane of initially biconcave-shaped RBC
is the membrane viscoelasticity.

4. The stretched membrane of swollen RBC may re-
tain its integrity for a certain time, tmemb. The
resistivity of RBCs to a certain osmotic shock
may be quanti¢ed by the distribution function of
tmemb.

Future studies will focus on investigations of
pathological RBCs, with the hope to clarify whether
the proposed technique may be used for diagnosis of
certain hematological diseases.
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