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Abstract

Suspension of intact human red cells in media with low chloride and sodium concentrations (isotonic sucrose substitution) results in
strongly inside positive membrane potentials, which activate the voltage-dependent non-selective cation (NSVDC) channel. By systematic
variation of the initial Nernst potentials for chloride (degree of ion substitution) as well as the chloride conductance (block by NS1652), and
by exploiting the interplay between the Ca® *-permeable NSVDC channel, the Ca” *-activated K channel (the Gardos channel) and the Ca® *-
pump, a graded activation of the NSVDC channel was achieved. Under these conditions, it was shown that the NSVDC channels exist in two
states of activation depending on the initial conditions for the activation. The hysteretic behaviour, which in patch clamp experiments has
been found for the individual channel unit, is thus retained at the cellular level and can be demonstrated with red cells in suspension.
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1. Introduction

When human red blood cells (hRBC) are suspended in
depolarising Ringers, they respond by opening a non-
selective voltage-dependent cation pathway, the NSVDC
channel, which is permeable to mono- and divalent cations
[1-3]. In patch clamp experiments on excised hRBC inside-
out patches, bathed in salt solutions of physiological ion
strength, depolarising potentials result in opening of a 30-pS
channel [4]. At high positive potentials, +100 mV and
above, the channel attains an open state probability of close
to 1.0. However, the kinetics of the channel cannot be
represented by a simple closed to open transition, since
the open state probability depends not only on the instan-
taneous potential, but also on the prehistory of the channel
[5,6]. If the voltage is increased from deactivating (negative)
potentials towards positive potentials, the open state prob-
ability is lower at a given potential, than compared to a
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change from positive potentials, at full activation, towards
negative potentials. This hysteresis is thus a property of the
individual channel unit.

The number of channels in the intact hRBC has been
estimated to be in the range of 150-300 [7]. Marked
differences with regard to activation seem to exist com-
pared to the isolated channel, but the hysteretic behaviour
appears to persist as an ensemble property of the intact cells
in suspension. Calcium added to the cells, following
activation of the NSVDC-pathway by suspension in su-
crose Ringers, results in a hyperpolarization due to activa-
tion of the Ca® "-activated K channels, the Gardos channel,
which deactivates the NSVDC channel. As a consequence
of the deactivation, the Ca’"-influx ceases and the active
extrusion of cellular calcium by the calcium-pump deacti-
vates the Gardos channel. Due to the closing of the
conductive cation pathways, the conductive chloride path-
way becomes more and more dominating, resulting again in
positive membrane potentials, which in turn reactivates the
NSVDC channel. In contrast to the original activation, from
high positive potentials, the activation now takes off from
negative potentials and the cation conductance becomes
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Fig. 1. Delayed addition of NS1652. Initial Nernst potentials in sucrose
Ringer are estimated to be: Ec;=+ 105 and Ex = — 110. NS1652 was added
at time 0. X-axis: time in seconds. Y-axis: CCCP-estimated membrane
potential.

lower than before, even at more positive potentials [8]. In
the following, a further characterization of the voltage
activation and hysteretic properties at the level of the intact
cell will be given.

2. Materials, methods and calculations
2.1. Reagents

Carbonylcyanide-m-chloro-phenyl-hydrazone (CCCP)
(Sigma) and 2-(NV -trifluoromethylphenyl)ureido)benzoic
acid (NS1652) synthesized at NeuroSearch [9] were pre-
pared as stock solutions in DMSO. Salts and sucrose
(Sigma) for the Ringers were of analytical grade or better.
Sucrose Ringer, 2 mM KCIl, 264 mM sucrose, n-Ringer, 154
mM NacCl, 2 mM KCI.

2.2. Erythrocytes

Blood from healthy human donors (the authors) was
drawn into heparinized vacuum tubes, centrifuged, the buffy
coat and plasma removed, and the packed cells stored on ice
until use.

2.3. Experiments

A total of 3000 pl experimental solution was thermostat-
ed at 38 °C, CCCP (final concentration 20 uM) and, where
indicated, NS1652 (final concentration 10 pM) was added.
The experiment was initiated by injection of 100 pl packed
cells into the medium giving a final cytocrit of 3.2%.

2.4. Membrane potential estimation

The membrane potential was estimated from the CCCP-
mediated pH-change in the buffer-free extracellular solution

[10]. The zero potential (intracellular pH) was determined as
the pH in the Triton X-100 lysed cell suspension, as

Vm =61.5 mV*(pHm - pHout) (1)
2.5. Conductances
The total membrane current, 7, due to the passive

electrogenic pathways, which is the sum of all the ion
currents is given by:

n ) dV n
In=2 ii=Co=g+ ) &V~ E) =0 2)
i=1 i=1

where 7 is the number of individual, discernible conductive
pathways, i; the individual ion currents and C,, the mem-
brane capacitance. V,,, g; and E; have their usual meaning.
Since dV,,,/dt<<1, the cation conductance can be expressed

as:
Vin — Exat Eci =V,

(gK + 8na' H) =8+ = gaﬁ 3)

3. Results

Initially, when cells are incubated in a sucrose Ringer in
the absence of a chloride conductance blocker, the mem-
brane potential has a value corresponding to the chloride
Nernst potential (105 mV), which can be calculated from the
intracellular CI™ concentration (100 mM) estimated from
the membrane potential measured in n-Ringer. The NSVDC
channels begin to activate and the membrane potential
settles around 80 mV, from which it changes only slowly
in the negative direction, due to the still dominating chloride

34 )
9. (ggrrunits)

(Min)

T T T T
0 2 4 6

Fig. 2. Delayed addition of NS1652. NSVDC-channel conductance
calculated from Eq. (3), as function of quasi-stationary voltage clamp. X-
axis: lag time before NS1652 addition. Y-axis: cation conductance in gc
units.
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Fig. 3. Ca” "-induced potential transient. Experimental conditions as in Fig.
1. A total of 10 uM NS1652 was added after 4 min. When a stationary
potential of —28.5 mV was reached, 1 mM CaCl, was added. The peak
potential was — 76 mV and the final stationary potential was +35 mV. X-
axis: time in seconds. Y-axis: membrane potential in mV.

conductance, see Fig. 1. When 10 pM of the chloride
conductance blocker NS1652 is added, the rate of change
of the membrane potential becomes faster and reaching
either a peak or a stationary value after a period of time,
depending on the lag time before addition of the chloride
conductance blocker. The size of the hyperpolarization,
reflecting the degree of cation conductance increase,
depends too on the lag time, becoming bigger the longer
the lag time, see Fig. 2. Adding calcium after the membrane
potential has become constant results in a transient hyper-
polarization, followed by a new stationary membrane po-
tential, more positive than before the potential transient, see
Fig. 3, signifying that the cation conductance is lower after
the hyperpolarization.

The hyperpolarization caused by addition of calcium is a
graded response, depending on the calcium concentration
and the initial depolarization, which was regulated by the
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Fig. 4. Channel deactivation by transient hyperpolarization. X-axis:
membrane potential in mV at the peak of the hyperpolarization. Line
drawn by phenomenological fit to a sigmoid function. Y-axis: conductance
change after Ca® “-induced hyperpolarization relative to control experi-
ments, where Mg® " was added ( g+(ca) — &+Mg))-
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Fig. 5. Depolarization induced channel activation. X-axis: final membrane
potential in mV, Y-axis: cation conductance in gc; units. Open symbols:
cells injected into premixed Ringers, filled symbols: preincubation (2 min)
in sucrose Ringer, diluted to final composition.

degree of chloride substitution. Fig. 4 shows the difference
in conductance after calcium hyperpolarizations compared
to parallel experiments where Mg® " was added instead of
Ca®”, as function of the peak membrane potential of the
hyperpolarization. It is seen that only negative peak poten-
tials result in a conductance decrease after hyperpolariza-
tion. It should be noted, however, that the initial
depolarization varies between the experiments, due to
changes in the degree of substitution.

In order to test the influence of the initial depolarization,
experiments were performed, where the degree of chloride
substitution was varied, either by adding n-Ringer to cells
incubated in a sucrose Ringer or by suspending the cells
directly in Ringers identical to the final composition in the
first series of experiments. The resulting cation conductan-
ces vs. the stationary membrane potentials are shown in Fig.
5. Fig. 6 shows the conductances vs. the final chloride
Nernst potentials. As demonstrated in Fig. 6, the cation
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Fig. 6. Depolarization induced channel activation. X-axis: final chloride
Nernst potential in mV. Y-axis: cation conductance in gc; units. Open
symbols: cells injected into premixed Ringers, filled symbols: preincuba-
tion of cells (2 min) in Ringer diluted to final composition.
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conductances calculated for cells preincubated in sucrose
Ringer was consistently higher than for cells, which had
been directly injected into solutions with higher C1™ con-
centrations, and consequently initially less depolarized.

4. Discussion

A major obstacle for the comparison of results from
patch clamp studies with experiments on voltage-activated
channels in intact cells in suspension is the lack of control
with regard especially to the membrane (clamp) potentials.
As demonstrated both for the isolated channel [9] and the
intact cells in suspension, the conductance changes caused
by activation of the NSVDC channel are a function of both
time and potential (Figs. 2 and 5, open symbols).

Initially, when human red cells are suspended in sucrose
Ringers containing only low concentrations of KCI, the
membrane potential attains a value identical to the positive
chloride Nernst potential. Over time, the membrane poten-
tial changes towards more negative values, due partly to
activation of the NSVDC channels and partly to the dissi-
pation of the potassium and chloride gradients. With a
normal chloride conductance of about 20 pS/cm?, the salt
loss from the cells is considerable, although the membrane
potential is fairly constant (quasi-voltage clamp). With the
chloride conductance reduced to about 2 uS/cm?® in the
presence of 10 pM NS1652 [11], the salt loss is reduced
(quasi current clamp), but the membrane potential changes
in the negative direction relatively fast. The experiments
where the cells are incubated in sucrose Ringer, and
the chloride conductance blocker is added after a lag time
(Fig. 1), show that the longer the cells have been ‘voltage-
clamped’ the higher the resulting cation conductance. It
should be noted, however, that the increased activation is
‘remembered’, since it results in a more negative membrane
potential, which should be deactivating. Compared to patch
clamp experiments [6,9], which were, however, done at
room temperature and at higher salt concentrations, the time
course seems to be somewhat slower, but of the same order
of magnitude. With regard to the deactivation, the difference
is pronounced. The isolated channel deactivates after an
instantaneous jump to negative potentials, with a halftime of
about 15 ms [9], whereas the activated channels in the intact
cell remain open for minutes, even at moderately negative
potentials, and only at very negative potentials they seem to
begin to deactivate.

Very negative transient membrane potentials can be
attained by addition of Ca”>”" to cells where the NSVDC
channels have been sufficiently activated to allow Ca” " to
permeate, thereby selectively increasing the potassium con-
ductance further by activation of the Gardos channel (see
Fig. 3). The hyperpolarization to — 75 mV indicates that no
appreciable degradation of the chloride and potassium
gradients have occurred during the voltage clamp period.
However, since the Nernst potential changes due to the

degradation are in opposite directions, the calculation is
relatively insensitive to a moderate loss of cellular KCI. This
hyperpolarization seems to deactivate the NSVDC channel,
thus decreasing the Ca® "-entry concomitant with a delayed
[12] active extrusion of cellular calcium by the Ca® “-pump,
leading to deactivation of the Gardos channel. Since the
total cation conductance decreases during this sequence of
events, the cells are depolarized again due to the persistent
positive chloride Nernst potential. This in turn reactivates
the NSVDC channel, but in a different state of activity, with
a lower conductance reflected in a more positive potential
than before the potential transient (Fig. 3). This mode of
operation seems to be a parallel to the hysteretic behaviour
of the isolated channel, where a plot of the open state
probability vs. the clamp potential has two ‘legs’: a low
activity state when the clamp potential goes from negative
towards positive values and a high activity state going from
positive to negative values. This is further supported by
differences in conductance seen at identical final sucrose
substitutions, but resulting either from activation from very
positive membrane potentials showing a high activity com-
pared to the lower activity seen when the channel has been
activated at less positive potentials. It is apparent from Fig. 5
that there is no simple correlation between the NSVDC
channel conductance and the stationary membrane potential.
If, however, the channel conductance is plotted against the
final chloride Nernst potential (Fig. 6), the two activity
states become evident. Although not a hysteresis curve
proper, since the activity is plotted against the resulting
chloride Nernst potential, Fig. 6 reflects the memory effect
at the cellular level.

Given the estimated number of 150—-300 NSVDC chan-
nels in a red cell [7] and a single channel conductance of 30
pS at physiological salt concentrations [6], the maximum
conductance observed in intact red cells indicate either a
very low open state probability, in the order of 10~ or a far
lower unit conductance than observed in the isolated chan-
nel. The explanation is not known at present, but given the
size of the KCl loss, which can be observed and the changes
in estimated membrane potential a fraction of cells close to 1
will participate in the response.

5. Conclusion

The hysteresis, which is a property of the individual
NSVDC channel unit, is retained as an ensemble property in
the intact human red cell. The deactivation of the channel at
negative potentials, which for the isolated channel is in the
millisecond range, is slower, persisting for minutes.
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