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Abstract

Human red blood cells (RBC) can be studied by means of whole-cell and nystatin-perforated patch-clamp techniques. In 85% of the

whole-cell experiments (n = 86) and 69% of the perforated-patch recordings (n = 13), steps to positive potentials, from a holding potential of 0

mV, induced a slow-activating non-inactivating persistent outward current which reverted at about 0 mV. The current activation phase fitted

well with a two-component exponential curve. Half-maximal conductance was reached at about 42 mV. Na+ and K+ carried this current,

which was not affected by 20 nM charybdotoxin or 20 mM TEA, but was reduced following a partial substitution of extracellular Cl� by

tartrate. This current has characteristics similar to the single-channel currents already described in RBC and may be involved in the rapid

adaptations of these cells in the circulation.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The permeability to cations of the human red blood

cell (RBC) membrane increases when changes in the

extracellular medium induce a more positive membrane

potential. Although this effect has been known from quite

a long time [1–3], it was not possible to explain why a

membrane potential more positive than + 40 mV could

induce a pronounced increase in K+ efflux. Based on

tracer experiments, the presence of voltage-activated cat-

ion transport in human erythrocytes has been suggested

[4]. This increased permeability is nonselective for Na+

and K+ and activates at membrane potentials positive to

+ 40 mV. With the patch-clamp technique, using an

inside-out configuration, it was possible to observe the
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presence of voltage-dependent nonselective cation chan-

nels (NSC) in the human RBC membrane [5]. However,

the single-channel recordings were done at a very high

KCl concentration (500 mM), and the authors noted that

the open probability at physiological salt concentration

was very low. Discrepancies in the data from the litera-

ture [5,6] regarding the membrane potential at which the

channels begin to open were reconciled in a further paper

[7] with the finding of a hysteresis-like open probability

curve.

There are very few studies on human RBC using the

whole-cell patch-clamp and perforated-patch technique.

This is mainly because of the technical difficulties

inherent to patch-clamping these cells. These methods

allow recordings utilizing salt solutions at physiological

concentrations. Furthermore, the channels formed by the

nystatin in the perforated-patch, which are permeable to

monovalent ions but exclude multivalent ions and mol-

ecules as large as or larger than glucose, avoid the

dialysis of important substances from the erythrocyte’s

cytoplasm [8].

We report here that it is possible to obtain whole-cell and

perforated-patch recordings of NSC currents in human



Fig. 1. A typical recording of the membrane capacitance (Cm) and

resistance (Rm) during the transition (arrows) from cell-attached to whole-

cell configuration in a human RBC. The sudden capacity increase during

the whole-cell establishment is about 1 pF. The value observed is acceptable

if we consider that a RBC has a cellular surface of about 160 Am2 and we

assume a standard capacity of 0.8–1.0 AF/cm2, taking into account that part

of the cell membrane is sealed to the microelectrode.
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RBC, and using these techniques we analyse NSC charac-

teristics at the whole cell level.
2. Materials and methods

2.1. Preparation of RBC

Blood was drawn from 11 healthy donors and collected in

heparinized tubes. It was centrifuged in a refrigerated cen-

trifuge (ALC, Italy) at 4 jC, 400� g for 5 min, and washed

three times with a washing solution containing (mM): 150

NaCl, 2 MgCl2, 4 KCl, 10 HEPES, 10 glucose, pH 7.4.
Table 1

Solutions used for whole-cell and perforated-patch clamp recordings

Ext. 1 Ext. 2 Ext. 3 Ext. 4 Ext. 5

NaCl 150 150 38 4 4

Na2tartrate 56

KCl 4 4 4 4 150

MgCl2 2 4 2 2 2

CaCl2 2 2 2 2

K2SO4

NMDG-Cl 146

TEACl

EGTA

HEPES 10 10 10 10 10

NaHEPES

Glucose 10 10 10 10 10

Sucrose 56

PH 7.4 (NaOH) 7.4 (NaOH) 7.4 (NaOH) 7.4 (NMDG) 7.4 (KO

Concentrations are expressed in mM. The base used for the titration is shown be
RBC were diluted 1:400 in the bath solution used for

the patch-clamp experiments and plated on uncoated Petri

dishes. Contrary to poly-D-lysine coating that causes the

RBC to adhere very tightly, these conditions allowed the

cells to adhere loosely to the surface of the plate,

keeping their physiological morphology.

2.2. Patch-clamp recordings

Recordings started a few minutes after plating, using

the whole-cell patch-clamp technique [9]. Patch electro-

des were fabricated from borosilicate capillary tubes

(GC100-10, 1.0-mm outside diameter, 0.58-mm inside

diameter; Clark Electromedical Instruments), with a re-

sistance of about 15 MV when measured in a standard

bath solution. Because of the red cell membrane’s special

resistance to mechanical stress [10], the most difficult

step in obtaining the whole-cell configuration was the

disruption of the patch area after GV seal formation. In

about 30% of the attempts, the cell was completely

sucked into the pipette. The achievement of a whole-cell

configuration was accompanied by the sudden appear-

ance of the membrane-capacitance current transients,

prior to rupture compensated in cell-attached configura-

tion. During the next few seconds, the cell became

nearly transparent, presumably because of a gradual

diffusion of the haemoglobin into the pipette. The

membrane capacitance (Cm) and resistance (Rm) during

the rupture of the membrane patch were evaluated by

means of the Membrane-Test program (Axon Instru-

ments, USA). The capacitive increment was 0.99F 0.29

pF (n = 27). Considering that standard Cm value is 0.8–

1.0 AF cm�2 for biological membranes, and the red cell

membrane is about 163 Am2, then Cm in a red cell

should be about 1.30–1.63 pF. The smaller value ob-

served can be explained taking into account that part of

the cell is sucked into the pipette and its membrane is

partially sealed to the pipette glass. Cm was not com-
Ext. 6 Int. 1 Int. 2 Int. 3 Int. 4

130 4

4 140 140 55 4

2 2 2 1 2

2 1 1

25

132

20

11 10 11

10 10 10 10

10

10

H) 7.4 (NaOH) 7.2 (KOH) 7.2 (KOH) 7.2 (KOH) 7.2 (NMDG)

low, in parentheses, for each solution.
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pensated. Rm, which was stable 30 s after the whole cell

configuration was achieved, was 1.27F 0.58 GV (n = 26)

(Fig 1).

Some recordings were made using the nystatin-perforat-

ed patch [11]. Nystatin was prepared in a stock solution

containing 60 mg/ml of the antibiotic and, in the case of

perforated-patch experiments, it was added to the pipette

solution Int. 3 (Table 1) to a final concentration of 150 Ag/
ml. RBC were voltage-clamped at room temperature with an

Axopatch 200B amplifier (Axon Instruments). Stimulation

and data acquisition were done using pClamp programs and

data were digitised at a sampling interval of 500 As using a

Digidata 1200 Interface (Axon Instruments). The membrane

potential was corrected for the potential drop across the

access resistance. The analysis of the current activation was

done with an exponential fitting procedure utilizing the

Clampfit program (Axon Instruments). The currents fitted

well to a double exponential equation:

IðtÞ ¼ A1ð1� exp�t=s1Þ þ A2ð1� exp�t=s2Þ

were t = time (ms); A1 and A2 = amplitudes (pA); and s1 and
s2 = time constants (ms) of the two exponential components.

All the whole-cell currents were corrected off line for the

passive ohmic current component that was calculated on

each current trace at the intercept of the exponential fitting

with the vertical axes positioned at the beginning of the

voltage step. The points in Fig. 3B were fitted to the

Boltzman equation:

GVm ¼ 1=ð1þ expðV0:5�VmÞ=kÞ

where V0.5 =midpoint (mV), and k = slope factor (mV). The

nonlinear regression was done utilizing Prism 4 (GraphPad

Software, Inc.)

2.3. Solutions

The solutions are shown in Table 1. Charybdotoxin

(Alomone Lab, Israel) was previously dissolved, at a

concentration of 1 AM, in a stock solution (in mM: 100

NaCl, 10 tris[hydroxymethyl]amino-methane (TRIS), 1

ethylenediaminetetraacetic acid (EDTA), 0.1% bovine se-

rum albumine (BSA), pH 7.5). The toxin was used at a

final concentration of 20 nM in solution Ext. 1 (Table 1),

and perfused extracellularly. Drugs and chemicals were

supplied by Sigma (USA).
Fig. 2. Voltage-dependent outward currents in human RBC recorded with

patch-clamp whole-cell (A) and nystatin-perforated patch (B) techniques.

Positive step potentials imposed starting from a holding potential of 0 mV

up to 84 mV induced a slow-activating non-inactivating outward current.

The current traces have been corrected for the passive current component.

Note the different current scales in (A) and (B) (see text). Solutions Int. 1

and Ext. 1 (Table 1) were used in whole-cell experiments (A) and solutions

Int. 3 and Ext. 1 (Table 1) were used in nystatin-perforated patch recordings

(B). The current activation in (A) and (B) fitted well to the double

exponential equation shown in Materials and methods.
3. Results

3.1. Human RBC show time- and voltage-dependent

outward currents

In about 85% of the patch-clamp whole-cell experi-

ments (n= 86), in addition to a passive current compo-

nent (not shown in the figures), it was possible to induce
a slow-activating, non-inactivating outward current, by

means of scaled steps at positive potentials.

Fig. 2A shows the time- and voltage-dependent cur-

rents elicited by depolarising the RBC membrane from a

holding potential of 0 mV up to 84 mV. No tail currents

were observed when the test potential stepped back to 0

mV. The intracellular and extracellular solutions used are

reported in Table 1 (Int. 1 and Ext. 1).

The recordings were repeated utilizing the nystatin-

perforated patch configuration. In 9 out of 13 cells

tested, it was possible to find a similar time- and

voltage-dependent outward current at potential steps

more positive than 30 mV (Fig. 2B). The current

amplitude evoked in these experiments was about 30%

to 50% less than the current observed in whole-cell

recordings. This can be explained at least in part by the

lower K+ concentration in the pipette solution (Int. 3 in
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Table 1) compared to whole-cell experiments (Int. 1 in

Table 1).

3.2. Current-to-voltage relationship, activation parameters

and reversal potential

Fitting analysis of the current activation indicates that

the rising phase is the sum of two exponential compo-

nents. The current to voltage relationship (I–V) of the

total current and of the faster exponential (A1 in the

double exponential equation shown in Materials and

methods) were measured from the whole-cell experiments

on seven cells and is shown in Fig. 3A. From the same

data we calculated the normalised conductance (G) set-

ting the highest value to 1 (Fig. 3B). The half-maximal

conductance using a stimulation protocol starting at a

holding potential of 0 mV was at about 41.1 mV. The

conductance of the faster exponential component was

about 46% of total. The time constants of the activation

components (s1 and s2) are plotted as a function of the

pulse potentials. s1 showed a marked voltage-dependence

with a typical bell shape, with maximum value at about

25 mV (Fig. 3C) whereas s2, the time constant of the

slower component, did not seem to change significantly

with voltage (Fig. 3D).

The reversal potential of the voltage-activated currents

was obtained by measuring the instantaneous I–V rela-
Fig. 3. Biophysical parameters characterising the voltage-dependent outward curre

total current (squares) and the faster exponential current component (A1) from th

the step potential (Vm). The activation curves in (B) were calculated from the c

The points were fitted to the Boltzman equation shown in Materials and methods

for the faster exponential component, and k, the slope factor, is 14.43 and 18.6 m

of the fitting equations in B and the straight line: Gmax (Vm�Erev) where Gma

reversal potential, is 3.4 mV (from Fig. 4B). Graphs C and D: the time constants

against the membrane potential (Vm). Note the typical bell shape of s1 whereas

the graphs represents the meanF S.E. of seven cells.
tionship. The stimulus protocol consisted of 5-s condi-

tioning depolarising pulses to 80 mV, to activate the

current, followed by membrane repolarisation at scaled

potentials between � 56 and + 56 mV (Fig. 4A). The

current intensity measured at the peak immediately after

the repolarisation was plotted against the related repolar-

isation potential (Fig. 4B). Using control solutions Ext. 1

and Int. 1 in Table 1, the equilibrium potential was 3.4

mV (Fig. 4B).

3.3. The voltage-dependent channels were selective for Na+

and K+ and regulated by external Cl�

The ionic selectivity of the channels was studied on 30

RBC. The Nernst potential of the ions in these experiments

was: Na+>100 mV; K+ = � 89 mV; Cl� = � 3 mV;

Ca2 +>100 mV; Mg2 +>100 mV.

Since the only ion with an equilibrium potential com-

patible with the reversal potential measured was Cl�, in

some experiments we varied its extracellular concentra-

tion. The I–V relationship indicated that the reversal

potential was unchanged at about 0 mV on lowering the

extracellular [Cl�] from 162 to 50 mM. However, the

voltage-dependent current evoked by the depolarising

stimulus was reduced by 43% (n = 6; Fig. 4B). A full

current recovery was obtained returning to 162 mM Cl�

(not shown).
nts in RBC were derived from patch-clamp whole-cell recordings. (A) The

e fitting analysis shown in Fig. 2A (triangles) are plotted as a function of

urrent values: normalised conductance (G ) vs. membrane potential (Vm).

, where V0.5, the midpoint, is 41.1 mV for the total components, and 42.5

V for the two curves, respectively. The fittings in graph A is the product

x, the maximum conductance, is 17.4 and 8 nS, respectively, and Erev, the

s1 and s2 of the two exponential current components (see text) are plotted

s2 does not seem to change significantly with voltage. Each data point in



Fig. 5. The voltage-dependent channels are selective for Na+ and K+. To

study the permeability of these channels to Na+ and K+, the Na+ and K+

gradients across the membrane were varied and the changes in reversal

potential were measured by I–V curves. The voltage-stimulus protocol

(insert) consisted of a depolarising rising ramp from � 50 mVat the rate of

10 mV�s� 1. A low [K+] internal solution (Int. 4; Table 1) was used. When
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With regard to the monovalent cations, a change in

Na+ or K+ gradients across the membrane did modify the

reversal potential measured by I–V curves in eight cells.

The voltage-stimulus protocol consisted of a depolarising

ramp rising from � 50 mV at the rate of 10 mV�s� 1. We

used a low [K+] internal solution (Int. 4; Table 1) vs.

three different extracellular solutions. When the external

Na+ or K+ concentrations were higher than the internal

ones (Ext. 1 or Ext. 5; Table 1), the reversal potential

shifted to positive values, whereas when both [Na+] and

[K+] were balanced across the membrane (Ext. 4; Table 1)

the reversal potential was zero (Fig. 5).

These findings imply that the channels are permeable to

Na+ and K+ and not to Cl� ions.

To rule out a possible implication of the Ca2 +-acti-

vated K+ channels, the Gardos, the voltage-dependent

outward current was also evoked in Ca2 +-free solutions

(Int. 2, Ext. 2 in Table 1; n = 6), in presence of char-

ybdotoxin in the external solution (20 nM; n = 8) or TEA

the external Na+ (solution Ext. 1; Table 1) or K+ (solution Ext. 5; Table 1)

was higher than the internal one, the reversal potential shifted to positive

values, whereas when both [Na+] and [K+] were balanced across the

membrane (Ext. 4; Table 1) the reversal potential was zero.

Fig. 4. The reversal potential of the outward current was evaluated by an

instantaneous I–V plot. (A) The stimulus protocol consisted of a

depolarising step potential at 80 mV, to activate the voltage-dependent

currents, followed by a repolarisation to scaled potentials. The tail currents

were measured at the peak after subtraction of the passive current

component. (B) The mean values from 10 cellsF S.E. were plotted against

the potential of repolarisation (squares) and fitted with a straight line. The

reversal potential was 3.4 mV (solution Ext. 1 and Int. 1 in Table 1). In six

of these cells the extracellular Cl� concentration was varied from 162 to 50

mM (triangles; solution Ext. 3 in Table 1). The reversal potential did not

change to positive values as expected if Cl� carries the voltage-dependent

currents.
(20 mM, solution Ext. 6 in Table 1; n= 7). No inhibitory

effects were observed (data not shown). Ruthenium red

(10 AM) added to the external medium did not inhibit

this current.
4. Discussion

Membrane currents in human RBC have been studied by

means of whole-cell and nystatin-perforated configurations

of the patch-clamp technique. These cells, in addition to a

passive current component, not taken into account in these

studies, have a quite large slowly activating non-inactivating

time- and voltage-dependent outward current carried by Na+

and K+ ions (INSC). This current is reduced following a

partial substitution of extracellular Cl� by tartrate.

We can exclude that the outward current, normally

activated at very positive potentials, was due to mem-

brane damage, since it was voltage- and time-dependent,

and selectively carried by Na+ and K+. This indicates that

it was not the result of nonspecific membrane breakdown.

Furthermore, the current was also evoked during perfo-

rated-patch recordings. This technique minimizes the wash-

out of cytosolic constituents. Under these experimental

conditions, the reversal potential at 0 mV and the voltage-

dependent characteristics were identical to the observation

in the whole-cell configuration.

That voltage-dependent K+ channels are involved has

been excluded since TEA did not affect the currents de-

scribed in this paper [12,13]. Ca2 +-dependent K+ channels

have been described in RBC [14]. Charybdotoxin, a scor-
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pion toxin that blocks these channels in RBC [15], together

with Ca2 +-free experiments, was used to exclude their

involvement in the generation of the voltage-dependent

outward currents that persisted also under these conditions.

Furthermore, the Ca2 +-dependent K+ channels present in

human RBC are not voltage-dependent and the reversal

potential observed here excludes the involvement of selec-

tive K+ channels.

Ruthenium red, reported to partially inhibit a Na+ and K+

conductance increase induced by long-lasting changes in

membrane potential to positive voltages in human RBC [4],

does not affect the current described in this paper. This

observation may suggest that other cationic currents are

evoked as a consequence of a long-lasting positive voltage

imposed to the RBC membrane.

The activation of the whole-cell currents fitted well to

double exponential curves. This behaviour may reflect the

different open states of the channels observed in single

channel recordings [5]. Only the time constant of the faster

exponential component showed a clear voltage-dependence

and a bell-shaped s–V curve as predicted by the Hodgkin

and Huxley model. However, we cannot completely rule out

a certain voltage-dependence of the slower component

since, under our experimental conditions, this current com-

ponent might have the bell-shaped portion of the s–V curve

around the reversal potential (i.e. where the driving force

and thus the currents through the open channels are negli-

gible and the time constant cannot be reliably estimated).

The whole-cell current shown here shares certain char-

acteristics with the single-channel currents previously de-

scribed in RBC [6]. They show slow activation and

deactivation kinetics, no inactivation, and identical Na+

and K+ permeability. The activation curve suggests that

this voltage-dependent current begins to be active at a

slightly negative potential, close to the resting potential,

estimated between � 5 and � 15 mV [16]. The sigmoidal

curve increases less steeply and the midpoint is at a less

positive potential than that calculated from single channel

data [7]. These small discrepancies may be due to the

differences in experimental conditions. Assuming 300

channels per RBC, an opening probability of about 80%,

and a single channel conductance of 35 pS [7,19], the

theoretical whole-cell maximum conductance should be 8.4

nS, very close to the fitting value found in Fig. 3A for the

faster exponential current component.

An interesting feature of the channel is the increasing

open probability passing from physiological concentrations

up to 500 mM salt [5,6]. This was attributed to different KCl

concentrations [7]. These observations can be better

explained on the bases of our finding that the voltage-

dependent outward current decreases on lowering the exter-

nal Cl� from 162 to 50 mM, maintaining unchanged the K+

concentration (Fig. 4). Since the current decrease occurs

with no change in the reversal potential, it may be attributed

to a modulatory effect of Cl� ions on the voltage-dependent

cation channels.
Interestingly enough, both extracellular and intracellu-

lar Cl� dependence of NSC shrinkage-activated currents

has been observed in various cell types. NSC currents are

reported to be reduced as the extracellular Cl� is partially

replaced by aspartate in airway epithelia [17]. In human

RBC, replacement of external Cl� by gluconate as well as

an increase in pipette Cl� decreased the outward shrink-

age-activated NSC currents [18].

4.1. Physiological considerations

NSC channels belong to a channel family that has been

proposed to play a role in various regulatory functions.

Osmotic cell shrinkage activates NSC channels in a variety

of cell types [20] suggesting the participation of these

channels in cell volume regulation. Recent data show that

NSC channels in human RBC can be activated by prosta-

glandin E2 suggesting a function in blood clot formation. [21]

RBC are subjected to widely differing conditions in the

circulation. For instance, they pass in a few seconds from

300 up to 1400 mosM during their transit through the vasa

recta in the kidney. They must also adapt to rapid changes in

volume and shape when they flow from arterioles to

capillaries. These changes require great adaptability.

Changes in ionic gradients across their membrane and

stretch activation of cation channels [22,23] might alter

the membrane potential sensed by the voltage-dependent

cation channels. In turn, these channels can open with a time

constant consistent with the rapid changes required by the

circulation.

We cannot say why a 15% of RBC does not show the

NSC conductance in the present study. This lack of the NSC

current in this RBC fraction does not seem to be due to the

ageing process of RBC population (unpublished data). If

these currents are involved in clot formation [21], then we

should conclude that not all RBC share the same functions

in coagulation.
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