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Abstract. The coupling between steady-state activa-
tion and availability from inactivation was character-
ized for the cardiac Na* channel. To evaluate this
coupling, we plotted the relationship between the con-
ductance and availability curve midpoint potentials
measured in 92 rat ventricular cardiomyocytes and ap-
plied a correlation analysis. We found a high correla-
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Voltage-sensitive Na™ channels are responsible for the
initial rapid increase in membrane permeability to Na™
, which is essential for the generation and propagation
of cardiac action potential. However, not all Na*
channels participate in cell excitation. In different car-
diomyocytes, from about 90 to 50% of the channels are
already inactivated at the resting potential [1-5]. The
Na* channel availability curve (A—V) has a sigmoidal
shape that desribes the fraction of channels which are
available for excitation at a given membrane voltage,
particularly at the resting potential. Another important
factor determining the number of Na* channels partic-
ipating in cell excitation is the threshold voltage at
which channels begin to open. The threshold voltage is
directly related to the position of the voltage-dependent
steady-state activation curve (G-V). Accordingly, the
actual number of Na*t channels recruited for mem-
brane depolarization upon excitation at a given resting
potential is determined by the interplay of the positions
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tion between the midpoints (correlation coef-
ficient = 0.86, slope = 0.95) within the availability mid-
point potential range positive to —100 mV. In contrast,
the midpoints were not correlated in the myocytes (37
of 92 cells) having midpoint potential negative to — 100
mV, indicating an uncoupling between activation and
availability.

patch clamp; rat ventricular cardiomyocytes.

of the A-V and G-V curves. From this point of view,
an important question arises as to whether all car-
diomyocytes have identical steady-state activation and
availability and if not, what the activation-availability
relationship is. Available data on this relationship are
limited and contradictory. The midpoints reported in
the literature for cardiac Na* channels vary widely
for both activation (from —70 to —30 mV) and
availability (from —120 to —70 mV). This diversity
was attributed to differences among species, experimen-
tal protocols and recording conditions. One major ob-
stacle to measuring the parameters is a spontaneous
shift of activation and availability that occurs for car-
diac Na* channels in while-cell configuration [2] as
well as in cell-free and cell-attached patches [3]. In
perfused canine cardiac Purkinje cells, the shift oc-
curred almost equally for both activation and avail-
ability [2]. In contrast, a significantly smaller sponta-
neous shift for activation as compared with availabil-
ity was reported for rat ventricular cardiomyocytes [4]
and expressed human cardiac channel [5], indicat-
ing that the parameters might be uncoupled. How-
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ever, the relationship between steady-state activation
and availability has not yet been systematically investi-
gated. The goal of the present study was to clarify the
relationship for Na* current in ventricular cardiomy-
ocytes. To minimize spontaneous time-dependent shifts
of the parameters, the steady-state activation and
availability were determined shortly after establishment
of the recording configuration.

Materials and methods

Isolation of cardiomyocytes. Ventricular cardiomy-
ocytes were enzymatically isolated from Sprague-Daw-
ley rat hearts into Ca*-free minimum essential medium
with 10 mM HEPES (pH 7.3 with KOH) as previously
described [6]. After isolation, cells were kept at 22 °C in
the same solution supplied with 0.3 mM CaCl,.
Whole-cell current recordings. Whole-cell recordings of
the Na* current (Iy,) were made at 22—-24 °C by the
patch-clamp technique [7] in rat ventricular cardiomy-
ocytes. The pipettes, made of borosilicate glass capil-
laries, had a tip resistance of 0.6 to 0.8 MQ in standard
solutions. Ion currents were recorded by an Axopatch
200A patch-clamp amplifier (Axon Instruments, Foster
City, CA, USA). The maximum deviation (Vg4,,) from
voltage command associated with series resistance (R;)
was estimated as Vg, = L. R,. In all experiments non-
compensated R, was less than 2 MQ. Electronic series
resistance compensation (K;) was imposed to a point
just before oscillations occurred. The final setting of K|
value (on the Axopatch 200A amplifier) varied from 75
to 95%. The maximum I, values (I,,,) varied from 5
to 30 nA, so that with R, compensation, Vg4, was
estimated as V., = I,,.,R,(100% — K,)/100%. Satisfac-
tory voltage control was assumed if V4., <2 mV, and
only these cells were included in the study. Currents
were filtered at 10 kHz (—3 dB) using a four-pole
low-pass Bessel filter and then digitized at a 50-kHz
sampling rate using a DigiData 1200 interface and
pClamp 6.0 software (Axon Instruments). The curve
fittings were performed by StatMost v.2.50 sotware
(DataMost, Salt Lake City, UT, USA). Solutions for
whole-cell experiments were selected to suppress all
currents other than I,. The external bath solution was
composed of (in mM): NaCl 10, CsCl 125, CaCl, 1,
MgCl, 1.2, glucose 11 and HEPES 20 (pH 7.4 with
CsOH). The internal pipette solution was composed of
(in mM): NaCl 10, CsF 115, CsCl 20, MgATP 2.5,
EGTA 5.0 and HEPES 5.0, pH (7.3 with CsOH). All
chemicals were purchased from Sigma (USA).

Voltage clamp protocols. Steady-state voltage-depen-
dent availability (A-V) from inactivation was deter-
mined using a series of 1-s-long conditioning steps to
various membrane potentials (V') followed by a test
depolarization of 18 ms duration to —30 mV to assess
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the pool of available Na* channels. A 980-ms interval,
at a holding potential of —170 mV, separated the
individual pulse protocols and allowed for full recovery
of I,. Steady-state activation relationships (G-V) were
obtained from transformations of the peak current
(Ieax)—Vvoltage relationships. The /., values were mea-
sured in response to a series (0.5 Hz) of test depolariza-
tions to various potentials from a holding potential of
—150 mV.

Data analysis. To determine A—V curves, /., values
were normalized to the maximum /., value and plot-
ted against the conditioning potential V. The data
points were then fitted to a Boltzmann function:

A ={1+exp[(V— Vi )/K\1} 7,

where V1, is the midpoint of the relationship, and K, is
a slope factor. The maximum Na* conductance (g,,.,)
and reversal potential (V) were estimated from a
linear fit (as the slope and intercept with the voltage
axis, respectively) of an almost linear ascending portion
of the (/. )-voltage relationship in the range from —25
mV to 0 mV. The Na* conductance (g) at each test

potential (V) was calculated as

8= Ipeak/( Vl - Vrev)'

The data points of normalized conductance (G =g/
Zmax) Were fitted to a Boltzmann function:

G= {1 +exp[(Vig — VOIKs1E ',

where Vg is the midpoint of the relationship and K is
a slope factor.

To minimize time-dependent shifts of G-V and A-V
curves, we determined the parameters in each cell within
3 min after establishment of whole-cell configuration.
The evaluated systematic error in our determinations
related to the time-dependent parameter shift of the
midpoint potentials was less than 1 mV, since the initial
shift rate was 0.254 4+ 0.043 mV/min and 0.296 + 0.023
mV/min, for Vig and Vi, respectively (n=351). All
results are presented as the mean+SD of independent
determinations.

Results

The mean values of Vig and Vi, were —54.61 +£7.11
mV and —97.13 +£9.96 mV (n=92), respectively. The
parameter values varied in a wide range; minimum and
maximum values for V1g were —65.12 mV and —33.45
mV, and for V1, —113.8 mV and —72.8 mV, respec-
tively. The distributions of both Vig and Vi, were
asymmetrical and displayed a steep decline toward neg-
ative values (fig. 1A, B) but different decline of steep-
ness toward positive potentials. In contrast, the
distributions of the slope factors (K5 and K,) were
almost symmetrical and easily fitted by a Gaussian
function (fig. 1C, D). The K5 and K, values did not
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Figure 1. Distribution of the parameters of steady-state activation
(A, C) and availability (B, D). Asymmetrical distribution for the
midpoint potentials for activation, Vig (A4), and availability, Vi,
(B). Symmetrical distributions of the slope factors for activation,
K (C), and availability, K, (D). Solid lines represent Gaussian fit
to the histograms (means + SD are shown at the curves). Bin size
for the histrograms was 0.4 mV. Data were collected from 92
myocytes.

correlate with each other, and no correlation was found
between the slope factors and the respective midpoint
values (not shown).

The entire Vig— V1, relationship (fig. 2) was nonlinear.
However, in the V1, range positive to —100 mV (shown
by a dotted line in fig. 2), the cell-to-cell variations of V1
and Vig were well coupled with a correlation coefficient
and a slope of linear regression close to 1. In contrast,
no correlation was found between Vig and Vi, in a
population of myocytes (40%, 37 of 92 cells) that had
Via values negative to —100 mV. In this V), range,
the correlation coefficient and the slope of the relation-
ship were close to zero.

Discussion

The absence of a correlation between Vig and Vig
found in the present study in the cell population with
Via<—100 mV suggests an uncoupling between
availability and activation. The differences between our
results and a previous report of a linear Vig—V1, rela-
tion [2] can be explained by the fact that previous
studies did not compare the midpoint potentials but
only their relative changes during spontaneous time-de-
pendent shifts. Different temperature conditions be-
tween the two studies might also explain the
discrepancy. On the other hand, our data are in line
with the previous single-channel studies. In fact, a
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Figure 2. Relationship between the midpoints of steady-state
activation (V1) and availability (V1,). The closed circles repre-
sent data points measured in 92 myocytes. The data were analysed
separately for two V1, ranges: V1, < —100 mV and Vi, > —100
mV (separated by a dotted line in the plot). Indicated are results
of linear regression (arrows) with equation (y) and correlation
coefficient (r) for both V1, regions.

smaller shift in the activation process compared with
availability was observed for canine cardiac Na* chan-
nels in cell-free and cell-attached patches [3]. This ap-
pears to be an important characteristic of the cardiac
Na™ channel, since the differene in the shifts was docu-
mented for cardiac isoforms of Na* channel but not for
skeletal muscle [5].

A possible mechanism for the V1, -Vl variations could
be related to different gating modes of Na* channels.
The midpoint potentials were found to be different for
fast’ (Via=—90 mV, Vig=—48 mV) and ‘slow’
(Mia=—70 mV, Vig= —61 mV) gating modes [8],
assuming an opposite slope of the V15— V1, relationship
compared with that reported here (fig. 2) or elsewhere
[2]. Furthermore, the distribution for K, values showed
only one dominant peak with a mean value close to 6
mV (fig. 1D), whereas the ‘slow inactivation mode’ was
characterized by a dramatic increase in the availability
slope factor (up to 13 mV). Thus, modal channel be-
haviour does not explain the V1, - Vi variations shown
in the present study.

It has been recently shown that, in addition to the
primary channel structure [5, 9, 10], other factors such
as state of channel phosphorylation [11] and the chan-
nel environement, including membrane phosopholipid
composition and the membrane-attached cytoskeleton
[4, 6, 12], are involved in Na* channel gating. The latter
might be relevant to the cell-to-cell variations of the
steady-state activation and availability found in the
present study. For example, F-actin disruption alters
single Na™ channel inactivation without changes in
activation [6]. In addition, F-actin-based cytoskeleton
modulates availability curve shifts by about 20 mV,
whereas activation shifts could be modulated by micro-



Research Articles

tubular cytoskeleton by 12 mV [4]. A different position
of the availability curve in myocytes might indicate an
intrinsic mechanism regulating cell excitation. In fact,
the Vi value reflects a threshold of the myocyte excita-
tion. From this point of view, the limit for V1g varia-
tions found in the present study (Vg > —65 mV, see
figs 1, 2) may have physiological importance in main-
taining the threshold for cell excitation that prevents
premature excitations.

The strong Vig- V1, coupling found in the V1, voltage
range positive to — 100 mV (fig. 2) may also be impor-
tant in the regulation of cell excitation. Indeed, cells
with a more positive V1, will have a higher channel
availability at a fixed resting potential. At the same
time, a relatively more positive Vi value will inevitably
cause the myocyte to be more resistant to activation
because of a higher excitation threshold, thus prevent-
ing premature discharges. In the case of more negative
Via values, reflecting a lesser number of available chan-
nels, a concomitant change of Vs in the same negative
direction will result in threshold reduction and, thus,
facilitate the excitation.

Two populations of cells with different availability-acti-
vation coupling found in the present study may imply
functional heterogeneity of ventricular myocytes. Het-
erogeneity of the myocytes within the ventricular wall
has been previously documented, particularly with re-
spect to the shape of the action potential and the
density of functional K* channels [13, 14]. We specu-
late that the apparent availability-activation uncoupling
for Na* channels found in the present study may pro-
duce a dispersion of myocyte excitability and excitation
propagation velocity within the myocardium to opti-
mize functional performance of different myocardial
regions.
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