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Voltage clamp of the cardiac sodium current at 37°C

in physiologic solutions

Katherine T. Murray,* Takafumi Anno, Paul B. Bennett, and Luc M. Hondeghem

Stahlman Cardiovascular Research Program, Departments of Medicine and Pharmacology,

Vanderbilt University School of Medicine, Nashville, Tennessee 37232

ABSTRACT The cardiac sodium current
was studied in guinea pig ventricular
myocytes using the cell-attached patch
voltage clamp at 37°C in the presence
of 145 mM external sodium concentra-
tion. When using large patch pipettes
(access resistance, 1-2 MQ), the
capacity current transient duration was
typically 70 us for voltage clamp steps
up to 150 mV. At 37°C the maximum
inward sodium current peaked in ~200
us after the onset of a clamp step and

at this strong depolarization, less than
10% of the sodium current developed
during the capacity transient. The
sodium current developed smoothly
and the descending limb of the current-
voltage relationship usually spanned a
range of 40 mV. Moreover, currents
reduced by inactivation of sodium
channels could be scaled to superim-
pose on the maximum current. Current
tails elicited by deactivation followed a
monoexponential time course that was

very similar for currents of different
sizes. Data obtained over a range of
temperatures (15°-35°C) showed that
the steady-state inactivation and con-
ductance-voltage curves were shifted
to more negative voltages at lower
temperatures. These results demon-
strate the feasibility of investigating the
sodium current of mammalian cardiac
cells at 37°C in normal physiological
solutions.

INTRODUCTION

Sodium channels are fundamental units of excitation and
conduction in cardiac tissue. However, voltage clamp
analysis of the cardiac sodium current (Iy,) has previ-
ously not been possible at physiologic temperatures
(37°C). Under conditions where experimental tempera-
ture exceeds 25°C, the size of Iy, increases and the
kinetics of current activation become so rapid that suc-
cessful voltage clamp control has not been achieved
(Johnson and Lieberman, 1971; Beeler and McGuigan,
1978; Fozzard and Beeler, 1975). In such circumstances,
sodium channels become activated during charging of the
membrane capacitance at a time when the membrane is
not voltage clamped. Although single cells provide a
much smaller membrane capacitance than multicellular
preparations, the problem nonetheless persists (Makielski
et al., 1987; Johns et al., 1989). For these reasons, it has
only been possible to study Iy, of single cells at cooler
temperatures (=25°C), usually with a reduction in the
sodium gradient (Brown et al., 1981). In the past, the
maximum rate of rise of the action potential upstroke
(Vax) has been used as an index of Iy, at temperatures
>25°C. However it is now apparent that at least under
some conditions, these two measurements are not linearly
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related (Cohen et al., 1984; Sheets et al., 1988; Johns et
al., 1989).

The importance of measuring the cardiac sodium cur-
rent under conditions similar to those encountered in vivo
is highlighted by the fact that the actions of antiarrhyth-
mic agents may be markedly altered by changes in
temperature (Johns et al., 1989) and sodium gradient
(Cahalan et al., 1980). For example, as previously
reported by our laboratory, O-desmethyl encainide is a
potent blocker of activated cardiac sodium channels;
however at experimental temperatures of 15-20°C, no
diastolic recovery from block can be detected. At higher
temperatures (35°C) using ¥V, as an approximate mea-
sure of Iy, recovery from block can be demonstrated and
use-dependent unblocking increases. Clearly, the results
at 35°C more accurately represent the findings in vivo. In
addition, rates of cellular biochemical reactions and enzy-
matic activity are reduced at cooler temperatures.
Because metabolic regulation of ionic channel function is
well described (Browning et al., 1985; Forn, 1984; Levi-
tan, 1985; Ono et al., 1989; Schubert et al., 1989), it is
again preferable to study ionic currents including Iy, at
physiologic temperatures. Given these considerations, we
set out to determine whether voltage clamp of the cardiac
sodium current could be achieved at physiologic tempera-
tures using the cell-attached patch method. Specifically,
we tested whether reduction of the capacitive load by
using large cell-attached patches coupled with a low
access resistance would make it possible to voltage clamp
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Iy, at 37°C and in sodium gradients encountered in vivo.
Preliminary results of these experiments have been pre-
sented previously in abstract form (Murray and Hon-
deghem, 1989).

METHODS

Single adult guinea pig ventricular myocytes were prepared using
collagenase dispersion. In brief, guinea pig hearts were quickly removed
after cervical dislocation and perfused using a Langendorf apparatus
with a cannula in the aorta. The perfusate was initially nominally
calcium-free, Joklik modified minimal essential medium (Sigma Chem-
ical Co., St. Louis, MO) for 2 min, followed by a similar solution
containing collagenase 0.5 mg/ml (type III; Worthington Diagnostics
Div., Freehold, NJ), trypsin 0.2 mg/ml (Gibco Laboratories, Grand
Island, NY) and calcium at a concentration of 50 uM for 10 min or until
a rapid drop in perfusion pressure occurred. The ventricles were cut
down, minced in a modified KB medium (Isenberg and Klockner, 1982),
and filtered through 210 um teflon mesh. The cells were then centri-
fuged and washed twice in KB medium, resuspended in KB for 2 h, and
finally incubated in modified medium 199 (Sigma Chemical Co., St.
Louis, MO; 5% fetal calf serum, 24 mM NaHCO,) in a 95:5% O,/CO,
environment until experimentation (within 12 h). Cells were placed into
a small tissue bath (0.5 ml) mounted on an inverted microscope (Nikon
Inc., Garden City, NJ) which was continuously perfused (0.5-1.0
ml/min) with a standard solution having the following composition
(millimolars): NaCl 145, KC1 4.0, CaCl, 1.8, MgCl, 1.0, glucose 10,
Hepes 10, pH = 7.35. In some experiments depolarized cells were
studied using a high external potassium solution (millimolars): KClI 145,
CaCl, 0.1, MgCl, 1.0, Hepes 10, glucose 10, pH ~ 7.35. The bath
temperature was controlled using a Peltier device (Midland Ross Corp.,
Cambridge, MA), and variation of temperature throughout the bath
was <1°C. Only quiescent rod-shaped single cells with clear cross-
striations were used for experimentation, and large cells in particular
were selected (see Discussion).

Micropipettes were constructed from starbore capillary tubes (Rad-
noti Glass Technology Inc., Monrovia, CA) and were heat polished to
have tip resistances of 1-2 MQ. The internal diameter of the pipettes was
~2 pm, and using this value, the area of the tip openings was estimated
to be 3-5 pm? (Sakmann and Neher, 1983). Due to the density of
sodium channels in these cells, electrodes of these dimensions usually
resulted in maximum inward currents between 50 and 300 pA. For all
experiments, pipettes were filled with the standard solution (Na-
van = 145 mM). To minimize pipette-bath capacitance, the electrodes
were coated with Sylgard® resin (compound #184; Dow Corning Corp.,
Midland, MI) and submersion of the electrodes in the bath was
minimized by raising the cell toward the surface. The electrodes were
attached to an Axopatch voltage clamp amplifier which was driven by a
12-bit digital-to-analog converter controlled by customized pClamp
software (Axon Instruments, Inc., Burlingame, CA). Electrode capaci-
tance, series resistance, and leak currents were compensated using
analog circuits. Specifically, after seal formation, fast capacity transient
cancellation was used to minimize the effects of pipette capacitance on
the capacity transient. Whole-cell capacity compensation was not
utilized. The voltage error due to series resistance was typically very low
(= 0.1 mV); moreover, the application of series resistance compensation
frequently did not alter the appearance of the transient and therefore it
was usually not needed.

Sodium currents were filtered using a four-pole Bessel filter (20 or 50
kHz: -3 dB), recorded using a 12-bit analog-to-digital converter
(sampling rate = 100 kHz), and stored on magnetic disk using an IBM
AT computer. Because of the relatively small number of sodium

channels per patch, 8-15 individual current recordings were averaged
during data collection. For data obtained using standard bath solution,
membrane potentials are expressed relative to the cellular resting
potential. Data are presented as mean + 1 SD. Analysis of results at
different temperatures was performed using a two-way analysis of
variance.

RESULTS

The data presented at 37°C in standard solution
(Nag = 145 mM) represent results of seven experi-
ments. Cell size was 125 + 15 um by 29 + 7 um, whereas
micropipette resistance in the bath solution averaged
1.4 + 0.3 MQ. The mean value of seal resistance was 3.0
+ 1.4 GQ. Integration of the uncompensated capacity
transient during a 20-mV depolarization that produced no
sodium current indicated that the pipette-membrane
capacity load ranged from 1 to 2 pF. During experiments,
patch-clamped cells frequently survived longer than 1 h
and occasionally up to 3 h.

As shown in Fig. 1 A, the capacity transients of the
largest depolarizations (150 mV) were 99% complete in
70 ps in most experiments and in 100 us in all cells. To
fully remove inactivation, we held patches at 50 mV
negative to the resting potential (V). The current-voltage
(IV) relationship shown in Fig. 1 B was obtained by
clamping to different potentials for 4 ms. Typically, Iy,
started to develop when clamping to potentials more
positive than V. The peak sodium current increased
smoothly as the depolarizing step was further increased
over the next 35-45 mV. The maximum peak I, in Fig.
1 A occurred near Vi + 45 mV and peaked ~210 us after
the onset of the depolarization. In all experiments, less
than 10% of the sodium current had developed at the end
of the capacity transient during depolarizations produc-
ing maximum peak Iy,. For stronger depolarizations, the
current declined again and the time to peak sodium
current became progressively shorter (Fig. 1 C). As a
result, peak sodium current merged with the capacity
transient for depolarizations near the reversal potential
(E,)- For this reason, direct measurement of E,., was
typically unreliable with this technique as presently
employed. In this series of experiments, when using 5-mV
step depolarizations (n = 6), Iy, was initially detected at
VR + 5 + 4 mV, whereas peak I, occurred at V; + 43 =
3mV.

Sodium currents elicited from various holding poten-
tials are shown in Fig. 2 4. The time to peak Iy, for
currents of different sizes was constant. Moreover, each
of the smaller currents in the family could be scaled to
superimpose upon the largest sweep. The resulting
steady-state inactivation curve is displayed in Fig. 2 B.
When data were fit with the Boltzmann equation, the
midpoint of the curve (V,,) for these experiments aver-
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FIGURE1 (A) The sodium currents produced by progressive 5 mV step
depolarizations 4 ms in duration are shown without subtraction of the
capacity transient. The voltage clamp protocol showing two steps is
displayed above the currents. ¥, represents the resting potential of the
cell. The data were filtered digitally at 10 kHz after collection for
analysis. (B) The peak current-voltage relationship corresponding to the
records in A4 is shown. Voltage steps are expressed as mV change relative
to the resting membrane potential. (C) The time to peak sodium current
for the cell in A is plotted as a function of the voltage step expressed as
mV change relative to the resting membrane potential. The inset shows
the corresponding current traces for every fourth point or voltage step.
The dashed line represents a value of 70 us, which defines the comple-
tion of the capacity transient in this experiment.

aged Vg — 30 = 11 mV, with a mean siope factor (k) of
4.8 + 0.8 mV. For individual experiments at 37°C, the
preparation was quite stable: the amplitude of Iy, did not
change, nor did the voltage dependence of inactivation
drift as a function of time after seal formation (Kunze et
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FIGURE2 (A) Sodium currents elicited from various holding potentials
are illustrated (same cell as Fig. 1). The data were digitally filtered at 20
kHz after collection. The capacity transient was subtracted using an
average of several sweeps without sodium current. Progressive 5 mV
step conditioning depolarizations were 2 s in duration and are expressed
as the resting membrane potential (V) plus a prepulse conditioning
voltage (Vpge)- The test pulse was ¥z + 45 mV. The voltage clamp
protocol is shown above the current traces. (B) The steady-state
inactivation curve corresponding to the currents displayed in A4 is
plotted. Voltage steps are expressed as the prepulse conditioning voltage
(Vere) shown in Fig. 2 A. The solid curve describes the least squares fit
of the data with the Boltzmann equation for distribution of the sodium
channel between the available and unavailable states. The voltage at
which 50% of the channels were available to open (V,;) was Vg — 31
mV with a slope factor (k) of 5.1 mV.

al., 1985; Makielski et al., 1987). The maximum shift
observed in the steady-state inactivation curve was only 5
mV with stabilization after 30 min.

Fig. 3 demonstrates deactivating tail currents gener-
ated by stepping from 50 mV negative to ¥y to the voltage
that yielded the maximum sodium current (Vy + 45
mV), and then back to ¥V at different times after
activation of the current. Each deactivating current tail
exhibited a smooth monoexponential decline of similar
time course (7 = 61 + 3 us), indicating successful voltage
clamp of the peak current observed.

The effect of temperature upon Iy, kinetics was investi-
gated in 10 additional cells. The typical changes that
occurred upon warming the bath in a single cell are
displayed in Fig. 4 (Nay, = 145 mM; n = 3). When
compared with the IV relationship obtained at 35°C, the

Murray et al.

Voltage Clamp of Cardiac Sodium Current 609



e e | "
V50

T = 61 ps .

FIGURE 3 Deactivation tail currents were generated by stepping from
the resting potential (¥z) —50 mV to a level producing maximal sodium
current (Vg + 45 mV) and back to V;. The voltage clamp protocol is
shown above the current records. The raw data are plotted as individual
points. The corresponding fitted curves are superimposed as solid lines
and demonstrated a smooth monoexponential decline having an average
time constant of 61 + 3 us.

size of the current was progressively reduced at colder
temperatures (Fig. 4 4). Although E,., was not measured
directly, an estimate could be obtained by extrapolation
along with the linear positive slope of the IV curve, and
this value was used to construct the corresponding con-
ductance (gy,)-voltage plots shown in Fig. 4 B. Normal-
ized curves for steady-state inactivation and relative
conductance are displayed in Fig. 4 C; both demonstrated
a shift to the left at lower temperatures. To explore
further the voltage sensitivity of temperature-dependent
sodium channel gating, data were also obtained in depo-
larized cells having a resting potential near 0 mV
(K = 145 mM; n = 7). Under such conditions, similar
results were obtained with a shift of the steady-state
inactivation curve to more negative voltages with lower
temperatures (Table 1). There was a trend toward reduc-
tion in the slope factor as well. For the IV relationship, no
significant change occurred in the voltage producing
maximal inward current (16°C = —29 + 9 mV;
26°C = —27 + 5 mV; 36°C = —27 + 6 mV). In experi-
ments where peak Iy, was >50 pA at all temperatures,
relative gy, were curves constructed using estimated E.,.
These curves also showed a similar shift to more negative
voltages at cooler temperatures: for 16°C (n = 3), V¥, =
—57 + 10 mV, k = —7.9 + 1.8 mV; for 26°C (n = 3),
Vip=—49 £+ 6 mV, k = —9.2 + 0.2 mV; for 36°C
(n=2), V= —-44mV, k = —8.8 mV. Estimated E..,
for experiments at 36°C in depolarized cells was 54 + 3
mV (n = 3).

DISCUSSION

Our results demonstrate for the first time that the cardiac
sodium current can be voltage clamped at 37°C in physio-
logic solutions using the large cell-attached patch tech-
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FIGURE 4 (A) The peak current-voltage relationship is shown in a given
cell over a range of experimental temperatures (15-35°C) in standard
solution Nay,, = 145 mM). Voltage steps are expressed as mV change
relative to the resting membrane potential. Curves were drawn through
the data points using a spline fit. At colder temperatures, peak Iy,
decreased in magnitude. (B) Conductance (gn,)-voltage plots that
correspond to the IV relationships in Fig. 4 4 are shown with gy,
displayed on the ordinate. The solid lines represent the least squares fit
of the data with the Boltzmann equation. (C) Normalized curves for
steady-state inactivation (on the left) and relative conductance (right)
are illustrated for the same cell as in Fig. 4 4. The fitted curves were
constructed using the Boltzmann equation. At colder temperatures, both
the h- and g,-curves were shifted to more negative voltages.

nique. The sodium current under these conditions should
more closely represent sodium channel current in vivo,
especially because measurements are made using intact
cells with preservation of their internal milieu. In the
whole-cell voltage clamp technique, the cell interior dia-
lyzed with the pipette solution and the voltage depen-
dence of the macroscopic inactivation and activation drift
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TABLE t Steady-state inactivation of /,, in depolarized
cells
16°C (n=17) 26°C(n="17) 36°C (n = 3)
VI/Z k VI/Z k V|/1 k
Mean =+ —116 4.3 -109* 48 98 49
SD 6 1.1 5 0.6 2 0.3

Data were fit with the Boltzmann equation using V;,, = midpoint (mV),
k = slope factor (mV).

*P < 0.05 compared with value at 36°C.

*P < 0.01 compared with value at 36°C.

to more negative potentials (Makielski et al., 1987). The
cell-attached patch yielded a more stable preparation that
exhibited little or no apparent drift of voltage dependence
as a function of time at a constant temperature.

By minimizing the capacity load to be charged as well
as the access resistance, voltage clamp can be achieved in

70-100 us in such patches. As a result, the sodium current.

was separated from the capacity transient at most poten-
tials, even at 37°C. In this preparation, the sodium
current appeared to be well controlled because: (a) the
currents were smooth in contour and devoid of “abomina-
ble notches” (Cole and Moore, 1960; Cole, 1968) and the
descending limb of the current-voltage relation developed
over a 40-mV range; (b) currents that had been reduced
by inactivating sodium channels had constant time to
peak values and could be scaled to superimpose; and (c)
deactivation of sodium currents of different sizes yielded
smoothly declining tail currents which could be approxi-
mated by a single exponential process (Colatsky and
Tsien, 1979). Measurement of macroscopic sodium cur-
rents from cell-attached patches has been reported by
other investigators (Zilberter et al., 1982; Pusch et al,,
1989), but its utility in achieving voltage control at higher
temperatures has not been previously investigated. Ade-
quate voltage control using this technique resulted from
use of a relatively large electrode to study a small area of
cellular membrane. The large electrode reduced the
access resistance to the patch, whereas the small patch
minimized the membrane capacitance to be charged but
nevertheless contained enough sodium channels to gener-
ate a macroscopic sodium current. The majority of the
capacitive load in this situation actually arose from the
distributed pipette capacitance rather than the cell mem-
brane. Patch pipettes with tip resistances of 1-2 MQ were
ideal for such experiments in guinea pig myocytes. The
estimated tip opening of our pipettes was 3-5 um’
However, as the membrane within a pipette typically
assumes an Q-shaped configuration with application of
suction (Sakmann and Neher, 1983), the actual area of
the patch under study was probably considerably larger
than this value. The size of the patch can be estimated as

the surface area of a hemisphere having a diameter
somewhat larger than the pipette internal tip diameter. If
one assumes a diameter of 6-7 um, for example, this
would give an area of 57-67 um? with an estimated Ve
of 260-360 V /s, which is consistent with values observed
in single cardiac ventricular myocytes (Salata and Was-
serstrom, 1988; Johns et al., 1989). It should be empha-
sized that estimating patch size in this way is quite
empiric and depends on a number of assumptions. In cells
with greater density of channels, a smaller pipette may be
desired (and vice versa).

In these experiments, we selected large cells to mini-
mize depolarization of the cell by the inward current in
the patch. However, the question arises whether the
membrane potential of the cell indeed remained constant
during the flow of sodium current through the patch.
Using the model of a right circular cylinder for guinea pig
myocytes, mean cell surface area was calculated to be
11,300 um?® This corresponds to an average cell mem-
brane capacitance of 113 pF. Integration of the largest Iy,
for the cell shown in Fig. 1 A resulted in a total charge
transfer through the patch of 43 x 107" Coulombs
causing a depolarization of < 0.4 mV. Therefore, even for
much larger currents, depolarization of the cell should
always be < 1 mV, such that current passed through the
patch would not affect the voltage clamp significantly.

Our results demonstrate that the voltage sensitivity of
sodium channel gating was variable over a broad range of
experimental temperatures. In a “physiologic” solution
(Nagy, = 145 mM), both steady-state inactivation and
relative conductance-voltage curves shifted to more nega-
tive voltages at colder temperatures. Similar results were
obtained in cells with known resting membrane poten-
tials, i.e., those depolarized to 0 mV (K, = 145 mM).
This latter finding eliminated the possibility that changes
in resting membrane potential were responsible for the
observed shifts. The reason(s) for such shifts in sodium
channel gating is unclear, but possibilities include a
membrane phase transition which could modify mem-
brane lipids and their interations with the sodium channel
protein, as suggested for frog and rabbit muscle mem-
brane (Kirsch and Sykes, 1987); changes in the electric
field sensed by the sodium channel protein due to charge
transfer (Hille et al., 1975) as a result of changes in
metabolic processes such as phosphorylation (Ono et al.,
1989; Schubert et al., 1989); and variation in the heights
of the energy barriers involved in sodium channel gating
transitions which could alter one or more transition rate
constants (Hille, 1984). Based on the information avail-
able, it is impossible to differentiate among such possibili-
ties at the present time. Interestingly, a different response
to alteration in temperature was found in mammalian
nerve (Schwartz, 1986) than that seen by us in cardiac
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ventricular muscle. On warming from 0° to 22°C, the
h-curve shifted to more positive voltages, but no further
shift was observed as temperature was raised further to
37°C. The cause of this difference between the two
experimental preparations is not known.

A potential disadvantage of the cell-attached patch
technique is the inability to measure cellular resting
potential at the time data are collected using physiologic
solutions. In our experiments using a standard solution
(Nay,, = 145 mM), an estimate of the transpatch poten-
tial based on threshold and peak values for the sodium
current was —65 mV. From data obtained with depolar-
ized cells, where the membrane potential was known, the
average resting potential of the cells studied initially was
estimated to be —68 mV, based on comparison of A-curve
midpoints of the two groups of cells. Thus, the variable
h-curve midpoint values of cells in the standard solution
were probably due to differences in resting membrane
potential (Figs. 2B and 4 C). In the present study,
steady-state inactivation occurred at more negative volt-
ages than is typically reported for whole-cell Iy, (Bodewei
et al., 1982; Kunze et al., 1985; Benndorf et al., 1985;
Makielski et al., 1987). Kunze and co-workers reported in
neonatal rat ventricular myocytes that inactivation was
shifted to more negative potentials in ensemble currents
from cell-attached and excised patches as compared with
whole-cell currents (Kunze et al., 1987). Moreover, this
shift occurred quickly over a few minutes with final V,,,
of —100 mV (T = 20°C). We did not observe such a
time-dependent shift following achievement of a gigaseal.
However, we cannot exclude that this did occur but was
too rapid at 37°C to be detected. A similar shift of the
steady-state inactivation curve has also been observed in
cell-attached and excised patches in canine ventricular
myocytes (Berman et al., 1989). It is possible that the
leftward shift of inactivation observed in such patches
results from a structural change in the sodium channel
protein under study at the time of patch formation. An
alternative explanation is a localized interaction between
the pipette glass and the cell membrane such that the
electric field sensed by the channels is altered (Hille et al.,
1975).

In summary, these results demonstrate that the cardiac
sodium current can be adequately voltage clamped at
37°C in physiologic sodium concentrations. These condi-
tions are necessary for a complete understanding of
drug-channel interactions which are known to be altered
by temperature and permeant ion concentration. The
sodium current at 37°C was qualitatively similar to that
at colder temperatures. A predictable and graded shift of
gating kinetic parameters was observed, particularly with
regard to steady-state inactivation of the channels. This
differs from the temperature-dependent shift that occurs
in mammalian nerve which saturates at 25°C.
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