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Abstract

The changes in passive ion permeability of the red blood cell membrane after peroxynitrite action (3 uM—3 mM) have been studied by
biophysical (using radioisotopes of rubidium, sodium and sulphur (sulphate)) and electrophysiological methods. The enhancement of passive
membrane permeability to cations (potassium and sodium ions) and the inhibition of anion flux through the anion exchanger in peroxynitrite-
treated red blood cells were revealed. In patch-clamp experiments the whole-cell conductance after peroxynitrite (80 uM) treatment of red blood
cells increased 3—3.5-fold with a shift in the reversal potential from —7.0+1.5 mV to —4.3+£0.9 mV (n=7, p=0.005). The addition of cobalt and
nickel ions to red blood cell suspensions before peroxynitrite treatment had no effect on the peroxynitrite-induced cation flux but zinc ions in the
same condition decreased cation flux about 2-fold. Using atomic force microscopy methods we revealed an increase in red blood cell membrane
stiffness and the membrane skeleton complexity after peroxynitrite action. We conclude that the peroxynitrite-induced water and ion imbalance

and reorganization in membrane structure lead to crenation of red blood cells.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Peroxynitrite; Red blood cell; Passive cation and anion transport; Membrane reorganization; Atomic force microscopy

1. Introduction

Peroxynitrite is formed during many pathological processes in
the human organism such as ischemia, inflammation, neurode-
generative diseases, and diabetes [1-5]. Peroxynitrite, alongside
other reactive oxygen species (ROS), affects the ion permeability
of'the cell membrane, which appears to be an important element of
the mechanisms of cellular functions [6,7]. Peroxynitrite not only
oxidizes lipids, nucleic acids, protein SH-groups but also nitrites
aromatic amino acid residues of proteins [5,8]. The properties of
peroxynitrite provide many opportunities for regulating cellular
ion transport system activity—both directly through protein
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structure modification and indirectly with participation of various
regulatory factors [8—11].

Peroxynitrite is either peroxynitrous acid (HOONO) or the
peroxynitrite anion (ONOO ", pK,=6.8 at 37 °C). Peroxynitrite
can be synthesized in reactions with the participation of pairs—
either NO/"O, or HNO,/H,05 [5,12]. The ONOO " anion is rel-
atively stable, while HOONO decays rapidly. At physiological
pH, the apparent half-life of peroxynitrite is about 1 s. For-
mation of a reactive intermediate with CO, (ONOOCO,)
leads to a decrease in the half-life of peroxynitrite (0.5-3 ms)
[5]. Red blood cells (RBCs) are considered as a major ‘sink’ of
‘NO/NO; in human blood [13,14]. Recently it was discovered
that the RBCs could express a functional endothelial nitric
oxide synthase [15], so that under certain conditions RBCs
can produce peroxynitrite itself. Moreover RBCs can be ex-
posed to exogenous peroxynitrite generated by other cells.
Many events that occurred in RBCs or with RBC compo-
nents under peroxynitrite action have already been studied.
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They include haemoglobin oxidation, inactivation of RBC
enzymes, changes in active and passive ion transports, in
membrane skeleton component state and so on [7,16-24].
Herein, we investigate the changes in passive ionic permeability
of RBC membrane after peroxynitrite action and the structural
changes in RBC membrane and membrane skeleton.

2. Materials and methods
2.1. Peroxynitrite synthesis

Peroxynitrite was synthesized using the methods described
by Beckman et al. with some modifications [12]. Briefly, an ice-
cold, flowing solution of 1.2 M NaNO, was entrained with an
equal volume of 1.2 M H,0, acidified by 0.6 M HNOs, and the
resultant mixture then dripped into a solution of NaOH (at a
final concentration of 0.5 M). The solution was filtered through
granular MnO, and frozen at —20 °C for up to a week. The final
concentration of peroxynitrite was determined by absorbance
at 302 nm in 1 M NaOH (€302 nm=1670 M~ ' cm™ ') with a
spectrophotometer. An inactive control solution containing
decomposed peroxynitrite was produced when NaOH was
added to the mixture of NaNO, and H,O, after a 30 min delay
period.

2.2. Blood samples

Blood samples were obtained by venepuncture of healthy
donors, with permission under ethical consent, and collected
into heparinized syringes. Samples were kept at 4 °C until use
within 72 h. The blood was washed three times by centrifuga-
tion (2000 g; 10 min) in appropriate buffered saline solution.
Plasma and buffy coat were removed by aspiration. Haematocrit
was measured by the cyanomethemoglobin method. The ATP
level in RBCs was measured by using Micro Beta chemilu-
minometer and ATP light kit (Perkin Elmer). The ATP con-
centration of normal RBCs was 1.3+£0.1 mM (n=6).

2.3. Ion influx measurements

For flux experiments peroxynitrite was added to the RBC
suspension in buffered saline 10 min before both radioisotope-
containing solution injection and the addition of the inhibitors
of transport systems.

K" influx in RBCs was determined at 37 °C using **Rb" as a
congener, added in KNOj to give a final K* concentration of
7.5 mM [25]. Before K" influx measurement cells were in-
cubated with a buffer solution containing 10 mM glucose and
10 mM inosine for 1 h at 37 °C and washed 3 times with buffer
solution without sucrose and inosine. For *Rb" flux experi-
ments phosphate buffered saline was used (PBS) (in mM): NaCl
(100), Na,HPO,/NaH,PO, (50), pH 7.4 at 37 °C. In chloride-
free experiments nitrate PBS was used in which the chloride was
replaced by nitrate (NaNOs). 100 pM Ouabain, 10 pM
bumetanide and 10 uM clotrimazole (Sigma Chemical Corp.)
were present in the solutions during all flux experiments.
4,4’-Diisothiocyanato-2,2’-stilbene-disulphonic acid (DIDS)

(100 uM), ZnCl, (100 pM), NiCl, (100 M), CoCl, (100 pM)
(Sigma Chemical Corp.) were added to the RBC suspension
before peroxynitrite injection and **Rb* addition. p-Chlor-
omercuribenzene sulfonate (pCMBS) (I mM), tetracthylam-
monium chloride (TEA) (3,5 mM), tolbutamide (200 pM),
6-chloro-9-[(4-diethylamino)-1-methyl-buthyl]amino-2-
methoxyacridine dihydrochloride (quinacrine) (100 uM) (Sigma
Chemical Corp.) were added to the RBC suspension after per-
oxynitrite but before **Rb" addition. K* influxes are expressed
in standard units of mmoles K'/I cellsh or relative units as a
ratio of K* influx under the test conditions compared to K"
influx of peroxynitrite-treated cells.

Na" influx in RBC was determined at 37 °C. **Na” was
diluted in NaNOj to give a final Na* concentration of 150 mM
and a radioactivity of 0.1 pnCi/ml cell suspension. Protocol fol-
lowed that for K™ influx measurement.

Anion influx into RBCs through anion exchanger (AEl)
was estimated at 30 °C using *>SO3 to give a final sulphate
concentration of 4 mM in a RBC suspension of 20% Hct. For
33807 flux experiments citrate buffer saline was used (in mM):
Na3zC¢Hs0, (84), EGTA (1), pH 6.5 at 37 °C. After 5 min
incubation of 100 pl of RBC suspension with *>SO3™~ 10 pl of
40 uM DIDS solution was added to stop the anion influx.

2.4. Electrophysiology

Membrane currents were recorded using whole-cell con-
figurations. Patch pipettes (tip resistances 10—13 M{)) were
prepared from borosilicate glass capillaries pulled and pol-
ished on a Werner Zeitz DMZ programmable puller (Augsburg,
Germany). The bath solution contained (mM): MOPS (or
HEPES) (10), NaCl (145), CaCl, (5) at pH 7.4. The pipette
solution was a high-potassium solution. The ruptured patch
whole-cell voltage-clamp configuration was used to record mem-
brane currents. RBC membrane seals (>2 G{)) were obtained by
the application of suction to the pipette (1-2 kPa) followed by the
imposition of a negative pipette potential (—5 to —30 mV). Cell
rupture was attained by a short burst of strong suction and the
configuration was assessed by a decrease in access resistance
and the development of a small capacitance transient. Whole-cell
currents were recorded using an Axopatch 200A amplifier, with
voltage command protocols generated and the currents were
analyzed using the pCLAMP software suite (Version 8, Axon
Instruments Inc., USA). Whole-cell /-V curves were obtained by
evoking a series of test potentials from —100 to +100 mV in
10 mV steps for 300 or 500 ms from a holding potential of 0 or
—10 mV. Membrane slope-conductance (g) at positive and
negative potentials were estimated by calculating the averaged
gradient of I~V curves in the ranges of 30—80 mV ( for g,) and
(—30)-(—80) mV (for g_), and also at —10 mV (which approx-
imates to erythrocyte resting membrane potential). For patch-
clamp experiments peroxynitrite was added as a bolus (an aliquot
of concentrate solution) to the bath after reaching the seal and
recording currents of normal RBC state. Haematocrit of red
blood cell suspension was approximately 0.001%. All experi-
ments were performed at room temperature. In all cases, n de-
notes the number of cells tested.



M.N. Starodubtseva et al. / Bioelectrochemistry 73 (2008) 155-162 157

A K* influx, mmoles (I cells-h)™*
15 1
10

| ]
5 —
o ==
Control ONOO”
B Na' influx, mmoles (1 cells-h)*
90 —
70
50
30 .
10
— —]
Control ONOO”

Fig. 1. The effect of peroxynitrite on K"(A) and Na“(B) influx in red blood cells.
Na'and K" influxes in RBC were measured at 37 °C for 10 min using cor-
respondingly *’Na’ and *°Rb" as a congener of K. Peroxynitrite concentra-
tion was 1 mM, K" concentration was 7.5 mM. The haematocrit of RBC
suspension was 5%, pH 7.4. The symbols, boxes and whisker represent median
values, 25%—75% percentile boundaries, minimal and maximal values. n=9.

2.5. Atomic force microscopy of RBC surface and analysis of
atomic force microscopy results

For atomic force microscopy (AFM) investigations perox-
ynitrite was added to whole blood (pH=7.4+0.2, Hct=41+3%,
n=38) as a bolus (an aliquot of concentrate solution). RBCs were
fixed with 1% glutaraldehyde in PBS at room temperature,
washed firstly by phosphate buffer 3 times, then by distilled
water 3 times. RBCs were placed on a glass base plate for
further study of their surface by using the contact AFM mode.
AFM scanning was performed with atomic force microscope
“NT-206” (MicroTestMachines Co., Belarus) using standard
AFM tips (CSC38 and NSC11) (MikroMasch). Topography and
torsion images were recorded. After analyzing the field of the
size of 8 x8 um?” a small part of RBC surface of 1x 1 pm?* was
analyzed. The scanning step did not exceed 2 nm that permitted
the observation of fine features of the RBC surface. Observation
was carried out in air at room temperature. Changes in torsion
angle (lateral force maps) provide evidence of the alteration in
composition or mechanical properties of the surface and sub-
surface layers. The lateral force map of fixed RBC surface
perfectly reflects the underlining membrane skeleton structure.
We used some image filters to contrast the membrane skeleton
structure image. The fractal dimension of the lateral force map
(Dy) of size of 1 x 1 pm? was used for quantitative evaluation of
the complexity of the skeleton structure. The fractal dimension
was calculated with the area-perimeter method based on the
correlation law between perimeter (L) and area (4) for islands
(or lakes) on the analyzed surface [26]: L ocAPr=1)/2,

Two hundred “levels” between the minimal and maximal
vertical heights in the image were used. The fractal dimension
was calculated from the least-square linear regression line in
a log—log plot of the perimeter versus area with the program
“SurfaceXplore 1.3.11” (MicroTestMachines Co., Belarus).
Apparent elastic modulus of RBC surface layers was estimated
from the dependence of AFM cantilever deflection on the tip
indentation depth using Hertz’s model.

2.6. Statistics

The fit of data distribution to a normal distribution was
checked by Shapiro—Wilk’s W test. The normally distributed
data are represented as the limits of confidence interval (CI) and
the number () of the experiments. The data that were not in
accord with normal distribution are represented in the figures as
a median, 25% and 75% percentile boundaries, maximal and
minimal values, and the number (n) of the experiments. The
comparisons between the samples were carried out by using
either two-tailed Student ¢ test or Wilcoxon matched test.

3. Results

3.1. Peroxynitrite increases passive cation permeability of the
RBC membrane

Peroxynitrite treatment of RBCs leads to an increase in both
potassium ion influx and sodium ion influx (Fig. 1). The effect of
peroxynitrite on cation flux through the RBC membrane depends
on the level of haematocrit present in the RBC suspension. The
peroxynitrite-induced K™ and Na'-influxes both increase with
decreasing haematocrit in the RBC suspension. At the same time
the ATP level decreases after peroxynitrite treatment of the RBCs
(Fig. 2), but this is not the explanation for the peroxynitrite effects
since ATP repletion with glucose/inosine did not alter the re-
sponse to peroxynitrite (data not shown).

3.2. The interaction of anion exchanger with peroxynitrite

There are two known ways for peroxynitrite to penetrate the
RBC membrane. They are (i) transport of peroxynitrite anion
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Fig. 2. The effect of peroxynitrite on relative ATP levels in red blood cells. The
ATP level in RBCs was measured by using Micro Beta chemiluminometer and
ATP light kit (Perkin Elmer). The haematocrit of RBC suspension was 5%. The
findings are represented as the limits of confidence interval (n=4-8).
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Fig. 3. The effect of peroxynitrite on anion exchanger (AEl) activity and
oxyhemoglobin (HbO,) level in red blood cells. Anion influx into RBCs through
AEl was estimated at 30 °C using *°SO3  in citrate buffer, pH 6.5. The
haematocrit of RBC suspension was 20%. Haemoglobin concentration was
measured in haemolysates by spectrophotometry (ODs,4;, ODg30). The findings
are represented as the limits of confidence interval (n=4-8).

through AE1 and, (ii) simple diffusion of peroxynitrous acid
through the lipid bilayer. Denicola and colleagues showed there
was a 50% decrease in intracellular methaemoglobin level when
RBCs were treated with 300 uM peroxynitrite and an inhibitor
of AEl (DIDS, 100 puM) (Hct<0.5%, pH 6.8) [22]. The
influence of DIDS on the ability of peroxynitrite to induce K-
influx in RBCs was thus examined. DIDS was found to inhibit
peroxynitrite-induced K -influx in RBCs (Hct 5%) in a dose-
dependent manner. 100 uM DIDS decreased peroxynitrite-
induced K "-influx (1 mM) by 2.5-fold. In addition, our findings
also demonstrate that peroxynitrite can inhibit the activity of
AEI dose-dependently (Fig. 3). Peroxynitrite (1 mM) decreases
anion flux in RBCs (Hct 20%, pH 6.5) about 2-fold.
Unfortunately, the inhibition of AEl by peroxynitrite is
observed at concentrations higher than needed for complete
haemoglobin oxidation (Fig. 3). Haemoglobin is known to be an
important enhancer of peroxynitrite action on RBCs due to its
reaction with peroxynitrite in which a number of other ROS are
produced [24].

3.3. The interaction between transition metal ions and
peroxynitrite-induced cation influx in RBCs

The transition metal ions catalyze the oxidation reactions
with the participation of ROS either themselves or in complexes
like haem [27-29]. Iron, copper, cobalt, and nickel ions initiate
the cascade of lipid peroxidation in the Fenton reaction with the
participation of OH-radicals. OH-radical is one from the
products of peroxynitrite transformation in cells [5]. The action
of Co?" and Ni*" ions on the ability of peroxynitrite to enhance
the cation flux into RBCs was therefore looked at. Co®" and Ni?
" ions were introduced into the reactive solutions 5 min before
peroxynitrite addition. Neither Co®" nor Ni** ions have an in-
fluence on the level of peroxynitrite-induced K* influx into
RBCs (Fig. 4, A). The ability of zinc ions to influence the
oxidative processes induced by peroxynitrite in RBCs was also
examined. Zn>" ions are considered to be an antioxidant in
different oxidative processes [27]. Zinc can protect the pro-
tein sulphydryls against oxidation and reduce the formation of

OH-radicals from H,0, through the antagonism of redox-active
transition metals [30]. The effect of Zn>" ions on the ability of
peroxynitrite to enhance the cation flux into RBCs strongly
depends on individual donors. In general, Zn*" ions can pro-
tect RBCs against peroxynitrite-induced cation flux (Fig. 4, B).
Zn*" ion is also a known inhibitor of RBC cation channels and
could also be acting by inhibiting cation uptake directly [31].

3.4. The effect of peroxynitrite on whole-cell current in RBCs

Whole-cell currents were recorded in response to voltage
steps with MOPS-buffered saline in the bath and high-K"
solution in the recording pipette. The seal resistance was 3.2+
1.9 GQ (CI, n=38) and the series resistance was 10.8+0.8 M{)
(CI, n=8). Under the control conditions RBCs displayed an
outward current with the membrane current reversing polarity at
the potential £,.=—7.0+1.5 mV (CI, n=7). Membrane slope-
conductance (g) at positive and negative potentials was g,=
1573+£532 pS and g-=1170+£476 pS (CI, n=38) respectively.
Membrane conductance at —10 mV was 401+316 pS (CI,
n=8). Membrane slope-conductance at positive potential and
membrane conductance at —10 mV were in general agreement
with the normal RBC membrane conductance values estimated
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Fig. 4. The effect of cobalt, nickel (A) and zinc ions (B) on 1 mM peroxynitrite-
induced K" influx in red blood cells. A: The haematocrit of RBC suspension was
2.1+£0.8%, pH 7.4. n=18 (3 donors). *p>0.1 vs. ONOO ™ sample (Wilcoxon
test) (N. S.). B: The haematocrit of RBC suspension was 3.7+0.8%, pH 7.4.
n=53 (11 donors). **p<0.001 vs. control, ***p=0.001 vs. ONOO™ sample
(Wilcoxon test). The symbols, boxes and whisker represent median values,
25%—75% percentile boundaries, minimal and maximal values.
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Fig. 5. The effect of peroxynitrite on whole-cell current in red blood cells.
Current—voltage (/-V) relationships are plotted for currents sequentially
recorded immediately after pipette break-in (circles, #=38), 10 min after addition
of 80 uM peroxynitrite (squares, CI, n=8) or 10 min after addition of 80 uM
decomposed peroxynitrite (triangles, CI, n=3). Bath solution was MOPS-
buffered solution, pH 7.4, and pipette contained high-K" solution.

by Browning with coworkers, but membrane slope-conductance
negative potential in our experiments was a little higher than the
conductance estimated by them [31].

The RBCs treated by peroxynitrite before a patch-clamp
experiment did not make good seals. The maximal seal re-
sistance achieved was only 700—800 M(). To test the effect of
peroxynitrite on whole-cell current the following protocol was
used. Whole-cell seals were made on control cells then an
80 uM peroxynitrite was added to the bath. The current was
recorded immediately after peroxynitrite injection and at an
additional time interval, usually 10 min.

Peroxynitrite changes both inward and outward ionic cur-
rents through the RBC membrane (Fig. 5). Membrane con-
ductance after 10 min peroxynitrite treatment increases 3—3.5-
fold (g.=4147+508 pS, g-=3262+376 pS and g(—10 mV)=
18174497 pS (CI, n=8)). The difference between currents of
normal RBCs and of RBCs treated with decomposed perox-
ynitrite was not statistically significant (¢ test, p>0.05). The
whole-cell I-V relation for peroxynitrite-treated erythrocytes
showed a reversal potential at —4.3+0.9 mV (CI, n=7, p=
0.005 vs. control).
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Fig. 6. The effect of peroxynitrite on CI”-independent K" influx in red blood cells.
The haematocrit of red blood cell suspension was 4.3 +0.6%, pH 7.4. The symbols,
boxes and whisker represent median values, 25%—75% percentile boundaries,
minimal and maximal values. n=6-36. *p<0.05 vs. control, ** p<0.01 vs.
control, **¥p<0.0001 vs. control (Wilcoxon test).

Table 1
The effect of inhibitors of several transport systems on peroxynitrite-induced K
flux into red blood cell

Model Types of inhibited Ratio between K" flux
transport systems and peroxynitrite-induced
K" flux, rel. units
Peroxynitrite - 1.00+0.10
Peroxynitrite+ 100 pM K'/H" exchanger, 1.24+0.06*
quinacrine nonspecific
Peroxynitrite +200 pM Karp channel 0.80+0.07*
tolbutamide
Peroxynitrite+ 1 mM Water channel, 6.82+0.05*
pCMBS nonspecific
Peroxynitrite +3.5 mM Cation channel, 2.884+0.12*
TEA nonspecific

The data are represented as the limits of confidence interval (CI, n=4-10).
*p<0.001 vs. ONOO™ sample (two-tailed Student ¢ test). The concentration of
peroxynitrite is 1.07+0.09 mM. The haematocrit of RBC suspension was 5%,
PBS, pH 7.4, 37 °C.

In the majority of cases, under the experimental conditions
applied, the peroxynitrite treatment leads to consecutive loss of
a seal (or haemolysis). This phenomenon can be caused by the
disorder of the membrane structure under the peroxynitrite
action that leads to the change of mechanical properties of the
RBC membrane as a whole [23]. Before each loss of seal an
enhanced ionic current was observed. The typical kinetic curve
of ionic current at certain voltage steps was an exponential
function (data not shown). Lower peroxynitrite concentrations
also produce the disturbance in ionic current to a smaller extent
and the effect is additive. Substituting K" ions in the recording
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Fig. 7. The effect of peroxynitrite on red blood cell membrane skeleton struc-
ture. Bottom panel shows the fractal dimension of the lateral force maps of
peroxynitrite-treated RBCs. Top panel represents the typical contrasted lateral
force maps of control RBCs (a) and peroxynitrite-treated RBCs (b). The size of
RBC areas is 1 x 1 um”. The arrows on the bottom panel show the peroxynitrite
concentration ranges for the corresponding images of top panel. The findings are
represented as the limits of confidence interval (n=11-16). *p<0.05 and
**p<0.01 vs. control (two-tailed Student 7 test).
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Fig. 8. Topography of red blood cells: discocytes (a), peroxynitrite-crenated cells of I type (b) and II type (c). RBCs were treated with peroxynitrite in whole blood
(pH 7.4+0.2), fixed with glutaraldehyde, washed and dried. The tip CSC38 was used for AFM scanning of the RBC surface in contact mode.

pipette for non-permeable NMDG" ions decreases the perox-
ynitrite-induced ionic current.

3.5. The CI -independent K* flux induced by peroxynitrite
action on RBCs

Peroxynitrite-induced K™ influx into RBCs can be con-
ventionally divided into Cl -dependent and Cl -independent
K" influx [7]. We revealed that Cl -dependent K" influx
(determined by the activity of K'—CI1~ cotransporter) developed
at low peroxynitrite concentrations while C1 -independent K"
influx became apparent at peroxynitrite concentrations higher
than about 200 pM. Cl-independent K* influx in RBCs
increases with increasing peroxynitrite concentration (Fig. 6).

The nature of the C1 -independent peroxynitrite-induced K"
influx is still unclear. The effect of several inhibitors of K"
transport systems on the peroxynitrite-induced K* influx into
RBCs was examined. In our experiments, K™ influx was mea-
sured in the presence of three inhibitors: ouabain (an inhibitor of
Na'/K" ATPase), bumetanide (an inhibitor of NaKCl, cotran-
sporter) and clotrimazole (an inhibitor of Ca®"-activated K"
channels). In addition, pCMBS (a non-specific inhibitor of
water channels), TEA (a non-specific inhibitor of cation and
water channels), quinacrine (a non-specific regulator of cation
transporters) and tolbutamide (an inhibitor of Krp channels)
were used [32-34]. The findings are summarized in Table 1.
TEA, pCMBS and quinacrine further enhance the cation influx
in RBCs while tolbutamide partially (approximately by 20%)
inhibits it.

Table 2

3.6. The effect of peroxynitrite on RBC membrane skeleton
structure

AFM study of the membrane and submembrane layers of
single RBCs after treatment with peroxynitrite was performed.
Analyzing together the topography and the lateral force maps of
untreated and peroxynitrite-treated RBCs we observed changes
in RBC submembrane structure. We revealed that the lateral
force maps of fixed RBCs mirror the structure of membrane
skeleton and additional application of image filters enhances the
contrast of the images. The typical contrasted lateral force maps
of the surfaces of untreated (control) and peroxynitrite-treated
RBCs are represented in Fig. 7 (top panel). In most areas there
was an increase of membrane skeleton structure density but in
some regions there was a decrease. The fractal analysis of the
lateral force maps showed that the complexity of membrane
skeleton structure increases with increasing in peroxynitrite
concentration (Fig. 7, bottom panel).

In AFM experiments we added peroxynitrite directly to
whole blood. In whole blood, there are a lot of other targets,
beside the RBCs, for peroxynitrite action such as plasma
proteins [35], so the effective level of peroxynitrite to the RBCs
actually was lower than stated.

3.7. The RBC membrane stiffness and RBC shape afier
peroxynitrite action

At peroxynitrite concentrations higher than about 300 uM in
blood crenated forms of RBCs are observed. The number of

The elastic properties of red blood cell membranes before and after peroxynitrite treatment

Experiment Specimen Indentation depth, Relative elastic modulus p vs. control Sample size
nm (E/Ey), rel. units (two-tailed Student ¢ test)

1 Control discocytes 40 1.00£0.09 - 23
Discocytes after peroxynitrite treatment 40 1.16+0.10 0.04 19

2 Control discocytes 14 1.00£0.09 - 8
Crenated cells after peroxynitrite treatment 14 1.20+0.07 0.02 8
(protrusion top)
Crenated cells after peroxynitrite treatment 14 1.27+0.21 0.002 5

(protrusion bottom)

E, is an apparent elastic modulus of the cellular surface of control RBCs; E is an apparent elastic modulus of the cellular surface of peroxynitrite-treated RBCs. The

data are represented as the limits of confidence interval (CI).

RBCs were treated with 2.5 mM peroxynitrite in whole blood (pH 7.4+0.2, 41+3% Hct), fixed with glutaraldehyde, washed and dried.
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crenated RBCs increases with peroxynitrite concentration and
reaches about 22% at a peroxynitrite concentration of 2 mM.
Firstly one or some isolated protrusions appear on the RBC
surface (I type, Fig. 8, b), and then the number of the protrusions
increases and reaches about 20 per cell (II type, Fig. 8, ¢). The
averaged protrusion sizes are 1480+120 nm in diameter and
440+40 nm in height (n=34).

We estimated and compared the apparent local elastic moduli
of RBCs before and after peroxynitrite treatment. As we had
expected the stiffness of peroxynitrite-treated RBCs in both
cases (without and with RBC shape changes) was significantly
higher than that of control RBCs (Table 2).

The membrane skeleton is known to contribute to elastic
properties of RBCs. Therefore the condensation of membrane
skeleton structure has to increase the stiffness of RBC surface
layers and to promote the RBC shape changes [36].

4. Discussion

Our work has demonstrated a variety of components of
functional and structural responses of RBCs to peroxynitrite
action. Peroxynitrite increases the passive cation permeability
of the RBC membrane for both K" ions and Na" ions. The total
membrane conductance after peroxynitrite treatment increased
2—3-fold. At the same time, peroxynitrite decreases anion flux
through AE1. Bearing in mind that AE1 is one of the pathways
transporting peroxynitrite into RBCs, it is important to note the
following: the effect of AE1 inhibition by peroxynitrite occurs
at high peroxynitrite concentrations and it does not have a
significant influence on the oxidative processes in RBCs, such
as haemoglobin oxidation. We should also note that RBC sam-
ple could be with a negligible contamination of leucocytes and
platelets and it must be taken into account.

The mechanism for peroxynitrite-induced enhancement of
RBC membrane cation permeability appears to be complex and
involve multiple pathways. The regulation of transport sys-
tems by peroxynitrite can be through modification of protein
and lipid chemical structures and through the rearrangement
of protein and lipid structures in the membrane or membrane
skeleton [6,23,37-39].

Thus, the peroxynitrite-induced increase in K permeability
can be due to at least two pathways. One pathway that appears at
low peroxynitrite concentration relates to the activation of the
K'-Cl™ cotransporter via kinase inhibition [7,20,40]. Another
pathway is observed at high concentrations of peroxynitrite and
is probably related to both the activity of K" channels and to the
formation of membrane structure defects. The type of K
channels that are activated by peroxynitrite provokes the cu-
riosity of investigators. Probably they can be neither Ca®'-
dependent K "channels nor potential-dependent K channels [7].
The possible candidates can be Kagp channels taking into
account the significant decrease in ATP level and sensitivity to
Karp channel inhibitors [29]. Other possible candidates can be
two-pore-domain K" channels [41]. According to our estimates
based on results of experiments with K p channel inhibitor the
K" channels contribute to the increase of total passive mem-
brane permeability after peroxynitrite treatment only about 20%.

Therefore we concluded that rearrangements in the membrane
and membrane skeleton of RBCs are mainly responsible for the
phenomenon. Changes in membrane skeleton structure are an
important consequence of peroxynitrite treatment and they also
correlate with C1 -independent K influx, inhibition of AE1 ac-
tivity, and decrease in ATP level. Peroxynitrite-induced changes
in membrane skeleton structure lead to an increase in membrane
stiffness that is detected even in discocytes before RBC shape
change. The crenation of RBC seems to be a final link in the
chain of events induced by peroxynitrite in RBCs. That is ob-
served at high concentrations of peroxynitrite and appears to be
caused by both water and ion imbalance between cell and sur-
rounding medium and cytoskeletal structure changes. All these
changes in the mechanical and structural properties of RBCs can
lead to a rapid elimination of the cells from the circulation.

We conclude that peroxynitrite causes an enhancement of
passive cation (potassium and sodium) permeability and inhibits
the anion flux through anion exchanger in the RBC mem-
brane. The mechanism of peroxynitrite-induced cation perme-
ability is complex including activation of cotransporters and
cation channels as well as membrane rearrangements. Zinc ions
can protect RBC membrane against peroxynitrite-induced cation
leak. Peroxynitrite changes the membrane skeleton structure in
RBCs that is the basis of the increase of RBC surface stiffness.
Peroxynitrite-induced processes in membrane and membrane
skeleton lead to crenation of RBCs.
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