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Tetrodotoxin-blockable calcium currents in rat ventricular
myocytes; a third type of cardiac cell sodium current
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Whole-cell patch clamp currents from freshly isolated adult rat ventricular cells, recorded in
external Ca’* (CaZ") but no external Na" (Na;), displayed two inward current components: a
smaller component that activated over more negative potentials and a larger component
(L-type Ca®* current) that activated at more positive potentials. The smaller component was
not generated by Ca’* channels. It was insensitive to 50 um Ni** and 10 gm La®*, but
suppressed by 10 um tetrodotoxin (TTX). We refer to this component as Io,rrx)-

The conductance—voltage, g(V), relation in Ca}' only was well described by a single
Boltzmann function (half-maximum potential, V,,, of —44-5; slope factor, &, of —4:49 mV,
means of 3 cells). g(V)in Ca2" plus Na! was better described as the sum of two Boltzmann
functions, one nearly identical to that in Ca}" only (mean V,, of —45'1 and k of —3-90 mV),
and one clearly distinct (mean V, of —35'6 and k of —2:31 mV). Mean maximum
conductance for Iy,rrx, channels increased 23:7% on adding 1 mm Na! to 3 mm Cal'.
Icorrx) channels are permeable to Na" ions, insensitive to Ni** and La** and blocked by
TTX. They are Na* channels.

Iorrx) channels are distinct from classical cardiac Na' channels. They activate and
inactivate over a more negative range of potentials and have a slower time constant of
inactivation than the classical Na* channels. They are also distinct from yet another rat
ventricular Na* current component characterized by a much higher TTX sensitivity and by a
persistent, non-fast-inactivating fraction. That I,qrx, channels activate over a more
negative range of potentials than classical cardiac Na* channels suggests that they may be
critical for triggering the ventricular action potential and so of importance for cardiac
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arrhythmias.

Tetrodotoxin (TTX)-blockable calcium currents, Ioamprx)s
have been reported in human atrial (Lemaire, Piot, Seguin,
Nargeot & Richard, 1995) and guinea-pig ventricular
(Leblanc, Chartier, Martin & Cole, 1996) cells, and in neural
preparations (Meves & Vogel, 1973; Akaike & Takahashi,
1992). We describe here an Io,pry, in rat ventricular cells.
We find the channels producing this current are permeable
to both Na* and Ca”", but are separate from those generating
both the L- or T-type Ca’* current, the classical cardiac Na*
current, I,, and an additional I, component reported in
rat ventricular cells (Saint, Ju & Gage, 1992). Our (and
other) results indicate that I,,prx, is generated by Na*
channels. We show here that I,y is functionally distinet
from all other characterized Na* current components in rat
ventricular myocytes. It is a new, previously undescribed
ventricular Na* current component. The channels generating
Icarrx) constitute, then, either a differentially regulated,

post-translationally modified, or novel cardiac Na* channel
isoform.

These channels are activated over a more negative potential
range than are the classical cardiac Na* channels and should,
therefore, play a critical role in depolarizing the membrane
potential to action potential threshold. Hence, they may be
of some importance in cardiac arrhythmias. A variety of
nerve, muscle, cardiac and other cell types have been shown
to have more than one kind of Na* channel (see Discussion).
For cardiac cells, clear evidence for more than one Na'
component has been presented for rat ventricular myocytes
(Cachelin, DePeyer, Kokubun & Reuter, 1983; Kunze,
Lacerda, Wilson & Brown, 1985; Saint et al. 1992), chick
ventricular myocytes (Ten Eick, Yeh & Matsuki, 1984),
canine cardiac Purkinje fibres (Scanley & Fozzard, 1987),
human atrial cells (Sakakibara et al. 1992; Lemaire et al.
1995), rabbit Purkinje and ventricular cells (Zilberter,

1 To whom correspondence should be addressed.
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Starmer, Starobin & Grant, 1994) and guinea-pig ventricular
myocytes (Leblanc et al. 1996). This widespread occurrence
suggests that more than one Na™ current component may be
a feature of some general importance for cardiac electro-
physiology and rhythmicity.

Preliminary reports of some of these results have been made
(Thomas, Balke & Shorofsky, 1995; Goldman, Aggarwal,
Shorofsky & Balke, 1997).

METHODS

Preparation

Two-month-old Sprague—Dawley rats (200-300g) were
anaesthetized with sodium pentobarbitone (170 mg kg™ injected
1.p). The hearts were removed from the animals via mid-line
thoracotomy, and single ventricular cells were obtained by an
enzymatic dispersion technique described in detail previously
(Balke & Wier, 1992). The cells were studied within 8 h of isolation.
Small aliquots of freshly isolated myocytes were placed in a
perfusion chamber mounted on the stage of an inverted microscope
(Nikon Diaphot). The chamber was specially designed to rapidly
change the solution bathing the cells. All experiments were
performed at room temperature (21-23 °C).

Electrical recording

Membrane currents were recorded using the whole-cell configuration
of the patch clamp technique. Glass suction pipettes were fabricated
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from borosilicate capillary glass using a Flaming—Brown type
micropipette puller (model P-87; Sutter Instruments). When filled
with the pipette solution (see below) the electrodes had resistances
of 2-3 MQ. Potential differences between the bath and pipette
solutions were compensated prior to patch formation. After
formation of a high resistance seal (> 5 GS2), gentle suction was
applied to rupture the cell membrane allowing access to the cell
interior.

Whole-cell currents were recorded using an Axopatch 200A
amplifier (Axon Instruments). Voltage clamp protocols were
generated and whole-cell currents recorded using a 12 bit, A/D
board (Labmaster, Scientific Solutions, Solon, OH, USA), under
computer control (Dell 486-33 MHz PC using Fastlab software;
Indec Systems, Sunnyvale, CA, USA). Series resistance
compensation was used in all experiments. Currents were filtered at
2 kHz and digitized at 5-20 kHz. All data were stored on hard
disk for subsequent analysis.

Leak and capacity components were measured by application of a
10 mV hyperpolarizing voltage step from a holding potential of
—80 mV. The area under the capacity transient was integrated and
used to calculate cell capacitance for each experiment. The average
cell capacitance was 141 + 14 pF. All experiments were performed
from a holding potential of —100 mV.

Solutions

Cells were continuously superfused (rate of 2—3 ml min™) with a
salt-containing solution of the following composition (mm):
135 NaCl, 10 glucose, 10 Hepes, 10 CsCl, 1 MgCl,, 1 CaCl, (pH
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Figure 1. Current records and current—voltage relation in the absence of external Na' but

presence of 1 mm Ca?*

A, whole-cell patch clamp currents, all from the same cell, recorded at each of the indicated potentials.
Holding potential was —100 mV. Scale bars represent 200 pA and 50 ms. B, peak current—voltage relation
for this same cell. Two inward current components are evident.
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adjusted to 7-3 with CsOH). The electrode-filling solution contained
(mm): 120 glutamic acid, 120 CsOH, 10 Hepes, 0-33 MgCl,,
20 tetraethylammonium chloride (TEA-Cl), 4 Mg-ATP, and
5 EGTA (pH adjusted to 7-3 with CsOH). A 2—3 min equilibration
period was allowed after seal formation and establishment of whole-
cell recording configuration, and the cells were then superfused
with a bathing solution containing (mm): 140 TEA-CI, 10 glucose,
10 Hepes, 10 CsCl, 1 MgCl, (pH adjusted to 7:3 with CsOH) and
either 1-2 mmM Na* and/or 0-5-5 mm Ca?* as indicated. A few
experiments were done with 140 mm CsCl replacing the TEA-Cl
with no obvious effects on the results. Data acquisition began 5 min
after initiating superfusion with this new bathing solution.

RESULTS

Ventricular cells display two inward calcium current
components

In the presence of 1 mm Ca2", and no Na?, rat ventricular
cells show two inward current components. Figure 14
presents whole-cell patch clamp records from one cell.
Transient inward currents recorded on steps from —100 mV
to each of the indicated potentials are shown. With
increasingly positive steps in potential, inward current
amplitude first increased (records at —54, —50 and —42 mV)
and then decreased (records at —36 and —30 mV). However,
even more positive voltage steps to —24 and —18 mV evoked
currents whose amplitudes again increased, now with slower
kinetics. The peak current—voltage relation from —70 to
—16 mV for this same cell is shown in Fig. 1B. Peak inward
current increased from —62 to —42 mV, then decreased to a
local minimum at —30 mV, and increased again, thus
defining two inward current components.

Two inward current components were seen, under these
experimental conditions, in every cell studied (more than
100 cells). Figure 2 shows the mean peak current—voltage
relation pooled from the twenty cells for which data were
available over an extended range of potentials in 1 mm Caj'.
The inward component that activated over more positive
potentials reached a maximum at 0—10 mV before declining.

-100

Figure 2. Collected peak current—voltage
data in 1 mM Ca?* and 0 Na}

Values pooled from 20 cells. Holding potential was
always —100 mV. Filled squares are means and
error bars indicate s.p.
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Although the two inward current components approach
reversal at very different potentials, they are both carried
by Ca** ions. Figure 3 presents three current—voltage
relations from the same cell. In the presence of 1 mm Cay"
but no Na}, the usual two inward current components are
seen (O). Replacing the bathing medium with a nominally
Ca®*-free but otherwise identical solution abolished both
inward current components (00) which were restored on
return to the 1 mm CaZ' external solution (A). Identical
results were obtained in four additional cells. Both inward
components are Ca’* current components. The very different
apparent reversal potentials suggests that the channels
generating these two components have different selectivities
for Ca?* over any residual permeant internal ions. The larger
inward component activated over more positive potentials is
generated by L-type Ca** channels (Fox, Nowycky & Tsien,
1987).

The Ca’* current component activated at more
negative potentials does not flow through Ca**
channels

Ni** is a blocker of Ca®* channels (Mitchell, Powell, Terrar &
Twist, 1983). Figure 44 shows three current—voltage
relations from a single cell, all in the presence of CaZ* but no
Na!. Adding Ni** at 50 um (D) sharply reduced the L-type
current seen before exposure to Ni** (0), but had no effect
on the smaller, more negative voltage range-activated
component. On removal of Ni** (A), the L-type current
partially recovered. Similar results were obtained in four
additional cells.

Another blocker of Ca?* channels is La** (Wendt-Gallitelli &
Isenberg, 1985). Figure 4B shows that La®*, too, has no
effect on the smaller, more negative voltage-activated
component. Three current—voltage relations from a single
cell, all in Ca2" but no Na}, are shown. La®" at 10 xm (0)
fully abolished the L-type current seen before exposure to
La®" (0), but had no effect on the other component. On
removal of La®* (A) the L-type current partially recovered.
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Similar results were obtained in two additional cells. Hence
two known blockers of Ca’* channels have no effect on this
smaller, more negative voltage-activated inward current
component.

This smaller inward current component is blocked, however,
by the Na" channel agent TTX. Figure 4C shows current—
voltage relations from a single cell, again in CaZ* but no Na;,
in the presence (O) and absence (O, A) of 10 um TTX.
Before exposure to TTX (O) the usual two inward current
components are evident. In the presence of 10 um TTX the
smaller, more negative potential range-activated component
was blocked completely while the L-type current was
unaffected. On removal of TTX, the smaller component
returned to its previous values (A). The smaller inward
current component was always blocked completely or nearly
so in 10 gMm TTX. This component is insensitive to known
Ca®* channel blockers but suppressed by 10 um TTX, and so
does not have the pharmacological profile of Ca’* channels.
We refer to this TTX-blockable Ca’* current component as
Iyrrx) All further observations on Iy, pyx, Were made in
the presence of 10 um La®" to suppress L-type currents.
Icorrxy and Iy, were always extracted using TTX
subtraction with 10 gm TTX.

Iy rrx) channels are permeable to Na* ions

Figure 5 presents current—voltage relations, obtained using
TTX subtraction, from the same cell in 3 mm CaZ*, 0 Na}
(0), 3mm Ca’*, 1 mm Na} (O) and again in 3 mm Cal’,
0 Naj (A). Iogrrx) (O, A) reaches its maximum inward value
about 8 mV more negative than does the current in the
presence of both Na? and CaZ', suggesting that there may
be more than one current component when both ions are
present. That this is indeed the case is seen from an
examination of the activation curves.
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The peak current values of Fig. 5 were converted to peak
conductances using the expression:

L= g(V— Vo), (1)

where 1, is current, g, is conductance, V is potential and V.,
is the null potential for each ionic condition. Conductance as
a function of potential, g(V), for the initial 3 mm Ca?,
0 Na; values of Fig. 5 is shown as filled circles in Fig.6A4.
The smooth curve is a best-fit Boltzmann function given by:

9(V) = gmax/(1 + exp((V — V,.)/ k), (2)

with gp,y (the maximum conductance) of 20-26 nS, V,, (the
potential at which g(V) = 4g,,,) of —47-6 mV and k (a slope
factor) of —4:04 mV. The data of Fig. 64 are well described
by a single Boltzmann function. Attempts to detect an
additional component in these data could not define an
additional Boltzmann function with reliable parameters.
Hence, with only external Ca’* present only a single
component is detected in the TTX-blockable current. This
same result was obtained in three additional cells, suggesting
that classical cardiac Na* channels do not display any
appreciable Ca>* permeability or, under these conditions,
generate any significant outward current.

Values of g(V) for the 3 mm CaZ’, 1 mm Na! data of Fig. 5
are shown as the filled circles of Fig. 74. The smooth curve
is again a best-fit single Boltzmann function with a g,,, of
40-90 nS, a V,, of —45'9 mV and a k of —4-16 mV. A single
Boltzmann function does not provide a satisfactory
description of these data. A substantially better description
is provided by fitting with the sum of two Boltzmann
functions. Figure 7B again presents the data of Fig. 74. The
smooth curve in Fig. 7B is a best-fit sum of two Boltzmann
functions which includes a major component with a gy,, of
26:26 nS, a V,, of —49-3 mV and a k of —3-:36 mV, and a

Figure 3. Peak current—voltage relations in the presence
and absence of CaZ*

Current—voltage relations, all from the same cell, in the
presence (O), absence (0) and return (A) to 1 mm CaZ'. Na}
was 0 mM throughout. Holding potential was —100 mV. Both
inward current components are carried by Ca’* ions.
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smaller component with a g,,, of 13-86nS, a V, of
—40-8 mV and a k of —2:05 mV.

The larger component seen in the presence of both Naj and
CaZ" is nearly identical to the single component seen with
Ca}' alone. The larger component has a V,, of —49-3 mV,
while that for this same cell with only Ca®** externally is
—47-6 mV. Similarly, &£ for the larger component is
—3:36 mV, while that with only Ca’ is —4-04 mV. However,
the smaller component seen in both Na} and CaZ' is clearly
distinct from that seen in Cag' alone, with a V,, of
—40-8 mV and a k of —2:05 mV.

This same result was obtained in two additional cells, and
the data are summarized in Table 1. In each case the sum of
two Boltzmann functions fitted in the presence of both Ca2*
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and Na; yielded one (always larger under these experimental
conditions) component that was nearly identical to that
obtained in the presence of Ca’' alone and a second that was
clearly different. The mean V,, and k for the larger
component in both Na; and Ca}" were —45-1 and —3-90 mV,,
respectively, compared with means of —44:5 and —4-49 mV
for the corresponding values in Ca’*, while mean values for
the smaller component in Na; and Cal* were —35:6 and
—2:31 mV, respectively. The smaller Boltzmann component
contributes 20-35% of the total maximum conductance
under these conditions and at, and negative to, about
—45 mV constitutes a negligible fraction of the measured
conductance, owing to the more negative range of activation
of the larger component. Moreover, under these ionic
conditions, the smaller component (which is seen only in the
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Figure 4. Effects of Ni**, La®* and TTX on the more negative voltage range-activated inward

current component

Each panel presents three peak current—voltage relations from one ventricular cell. Data are from a
different cell in each panel. External bathing medium contained either 3 mm (4 and B) or 1 mm (C) CaZ*
and 0 Na} throughout. Holding potential was —100 mV. In each part of the figure O represents values in
external medium only, O shows the effect of the indicated channel blocker and A the values on return to
external medium with no blocker. 4, effect of 50 um Ni**, B, effect, of 10 um La®". C, effect of 10 um TTX.
Neither of the Ca** channel blockers Ni** or La®* affect the smaller, more negatively activated component.
This component is, however, reversibly blocked by the Na* channel agent, TTX.



358 R. Aggarwal, S. R. Shorofsky, L. Goldman and C. W. Balke '

J. Physiol. 505.2

Table 1. Fit parameters for conductance—voltage, g(V), relations in rat ventricular myocytes in the
presence of 3 mM external Ca** and no Na* and in the presence of 3 mu external Ca** and 1 mum Na*

3 mm Cal’, 0 Na}

3 mm Cal’, 1 mm Na}

Component 1 Component 2
(mV)  (mV) (0S) (mV) (mV) (nS) (mV) (mV) (0S)
41796A —476 —404 2026  —49-3 —3:36 2626 —40-8 —2:05 13-86
51596E —42:6 —549 3397 —43-1 —4:54 4246 -32:8 —2:59 9-51
60596B —434 -395 3732 —42-8 -379 4345 -331 —2-28 13:55
Mean —44'5 —449  30-52 —45:1 -390  37-39 —356 —2:31 12-31

Fits were to single (3 mm Cat", 0 Naf) or to the sum of two Boltzmann functions (3 mm CaZ*, 1 mm Na?) as

given by eqn (2) in the text.

presence of Na} and so presumably arises from classical Na*
channels) is likely to display voltage-dependent block by
external Ca”" ions (Yamamoto, Yeh & Narahashi, 1984),
which would produce an apparent steepening of its g(V). &
values for this component, then, may not be highly
accurate. At, and positive to, about —35 mV, however, this
component contributes a significant fraction of the measured
conductance.

The close agreement of the g(V) mid-point and slope
suggests that the larger conductance component seen in Ca’*
plus Na/ arises from the same channels that generate the
g(V)seen in Ca}' alone. Comparing the fitted gy,,, values for
this channel population under the two ionic conditions
should, then, provide a fairly direct assessment of the
permeability of Io,rrx, channels to Na™ ions. For the cell of
Figs 5-7, gpay in 3 mm Cal’, 0 Na} was 20-26 nS. Adding
1 mm Nal to the 3mm Cal' increased gp,, for this
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population of channels to 26:26 nS or by 29:6 %, indicating
that Jogprx, channels are permeable to Na.

An effect on gy, this large is well beyond any that might be
attributed to the variance in fitted parameters arising from
the noise of the experimental data. Figure 6B again
presents the g(V) values of Fig. 64 in 3 mm Ca2', 0 Na}. The
smooth curve is a best-fit single Boltzmann function, now
fitted with g,,, constrained to be that of this same channel
population in Na} plus Ca3' (26-26 nS). The curve is clearly
a poor description of the data. A g, value of 26:26 nS is
not consistent with the data recorded in Cal" alone.
Correspondingly, it was not possible to produce a satisfactory
fit to the g(V) data in Na! plus Ca’* by constraining one of
the Boltzmann functions to have the g, Vi, and k values
of the Ca" only data of Fig. 64. Adjusting V,, and k of the
constrained Bolzmann function for the slight differences in
these values in Na} plus Ca?" compared with those in Ca2*

Figure 5. TTX-blockable currents in the presence of
Cal* only and in Cal* plus Na}

Three peak current—voltage relations from the same cell in
the presence of 3 mm Ca', 0 Naf, (O), 3 mm Ca?', 1 mm Na!
(), and on return to 3 mm Ca2*, 0 Na? (A) are shown. All
values were obtained using TTX subtraction. Holding
potential was —100 mV throughout.
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only did not produce a satisfactory fit either (not illustrated).
Hence, the data in Ca2" only are incompatible with a g, of
26:26 nS, and those in Cal" plus Na!, for these same
channels, are incompatible with a g, of 20:26 nS. Adding
1 mm Naj increases the conductance of Ieyrrx, channels
over that seen in 3 mm CaZ" only. Nor is it possible to
attribute the increased gp,, of this channel population to
some change in channel properties during the course of the
experiment. On return from 3 mm Ca2’", 1 mm Na back to
3 mum Cal", 0 Na; the current—voltage relation was nearly
identical to that seen before exposure to Na (Fig. 5, O, A).
Ioarrx) channels are permeable to Na'. Similar results were
obtained for the other two cells analysed (Table 1). The
mean increase in gy, in the three cells on adding 1 mm Na;,
to 3 mm CaZ' was 237 %. Igyprx, channels are insensitive to
the Ca?* channel blockers Ni** and La®*, blocked by the Na*
channel agent, TTX, and permeable to Na' ions. They are,
then, Na' channels.

Figure 6. Conductance—voltage relation for the
TTX-blockable current in the presence of Caz" only

A, peak conductance—voltage relation for the cell of Fig. 5
(O) in the presence of 3 mm Ca", 0 Na}. Smooth curve is
a best-fit Boltzmann function (see text) with V,, of

—47-6 mV, k of —4:04 mV and g, of 20:26 nS. B, @ are
the same conductance values shown in 4. Smooth curve is
a single Boltzmann function fitted with g, constrained
to be that of the corresponding component of Fig. 7B
(26+26 nS). The smooth curve is a poor description of
these data.
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Another conclusion following from the close agreement of
the larger Boltzmann component seen in Ca’' and Na with
that seen in CaZ' alone is that any residual uncompensated
series resistance (or any other voltage clamp errors
associated with the current magnitude) could not have had
any appreciable effect on these data. For the experiment of
Fig. 5, the maximum inward current in Na} plus Cal' is
more than fourfold greater than that in Cal' alone.
Nevertheless V,, and k for Iy, rrx, channels in the two
conditions are nearly identical.

Ly orx) Na* channels are functionally distinet from
classical rat ventricular Na* channels

Ioorrx) channels differ from classical cardiac Na* channels in
their gating as well as their permeability properties. As
shown in Table 1, I,rrx) activates over a more negative
range of potentials than the classical cardiac Ig,. Compared
under the same conditions, the mid-point of the activation
curve is nearly 10 mV more negative for Ioyprx) (V3 of
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—45'1 mV compared with —35:6 mV for the classical Ig,).
Activation characteristics are therefore distinct for these two
Na' current components.

Icarrx) also inactivates over a more negative range of
potentials than the classical Iy,. In four cells the steady-
state inactivation curve was determined in 3 mm Cal',
0 Na} and again in 3 mm CaZ" plus 2 mm Na}. One example
is shown in Fig. 8. Potential was stepped from a holding
potential of —100 mV to various conditioning pulse levels
ranging from —130 to —35mV. After 150 ms at the
conditioning level, potential was stepped to —30 mV and
the peak current during this test step was determined.
Figure 8 presents these peak currents, normalized to the
maximum value seen, as a function of conditioning
potential. The smooth curves are best fits to the expression:

I Lnox (V)= (1 + exp((V = V')/¥))7, &)

where V’ is the potential at which I/I,,, = 4. I/I,,.(V)is
clearly different in the two ionic conditions. In the presence
of both CaZ* and Na?, (v), V' and ¥ are —77-7 and 7-61 mV,,
respectively, while the corresponding values in CaZ' only
() are —84+6 and 9:06 mV. Similar results were obtained in
the other three cells studied, and values are presented in
Table 2. V’ ranged from 4+6 to 9:9 mV more negative in Ca2"
compared with CaZ" plus Na?, with a mean in Cal' only of
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Table 2. Fit parameters for steady-state inactivation,
I/I,,.(V), curves in rat ventricular myocytes in the presence
of 3 mu external Ca** and no Na* and in the presence of 3 mm
external Ca’* and 2 mu Na*

3mmCalt,0Na} 3 mmCal', 2 mm Na}

Cell v ¥ 4 ¥
(mV)  (mV) (mV)  (mV)
62096B -792 886 -746 685
62096C —-838 843 -738 644
70296A —849 701 —754 650
71996A —846 906 -777 761
Mean —831 834 -754 685

Fits were to eqn (3) in the text.

—83'1 mV and in CaZ’ plus Na} of —75'4 mV. ¥ ranged
from 0-51 to 2:01 mV larger in Ca’* compared with that in
Cal* and Na?, with a mean of 8:34 mV in Ca2* only and of
6:85 mV in the presence of both ions. Note that these values
do not reflect the full difference in steady-state inactivation
characteristics in Io,ryx) compared with classical cardiac
Na" channels as the data in Cal" plus Na; will include
contributions from both current components.
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Figure 7. Conductance—voltage relation for the TTX-blockable current in the presence of Ca}*

plus Na}

Both panels present the peak conductance voltage values for the cell of Fig. 5 (O) in the presence of 3 mm
CaZ’ plus 1 mm Naj. 4, smooth curve is a best-fit single Boltzmann function with V,, of —45:9 mV, k of
—4:16 mV and g,,,, of 4090 nS. B, smooth curve is a best-fit sum of two Boltzmann functions. One
component was fitted with V,, of —49:3 mV, k of —3:36 mV and g,,, of 26:26 nS. The other was fitted
with V,, of —40-8 mV, k of —2:05 mV and g,,,, of 13-86 nS. A sum of two Boltzmann functions provides a
better description of these data than does a single Boltzmann function.
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Inactivation kinetics are slower in Iymprx, than in the
classical cardiac Ly,. Figure 9 presents current records from
the same cell in the presence of 1 mm Ca2" and 0 Na? (left
column) and in 0 Cal" and 1 mm Na! (middle column).
Potentials were stepped from a holding value of —100 mV to
the values indicated at the left of the traces. At each
potential, current decays more slowly in Ca2" than in Na}.
This is shown more clearly in the right-hand column. In this
column the records in Na; are again shown now with those
recorded in Ca’" superimposed. The CaZ" records have been
scaled up so that their peaks match those in Na at each
potential. Inactivation is slower in CaZ* than in Na?.

The time constant of inactivation, 7, was determined from
single-exponential fits to the decaying phase of the currents.
Mean 7, values, pooled from four cells in CaZ*" (O) and four
in Na! (0), are shown in Fig. 10. 7,, in CaZ' is slower than
that in Na} at every potential studied.

Values of 7, were also determined in six cells in the presence
of both Ca’* (0-5mm) and Na! (1 mm). Under these
conditions, two relaxations in the decay of the current could
be detected at more negative potentials. Figure 11 shows
one example for a step to —55mV. Fitting a single
exponential to the current decay from 7:8 to 250 ms into
the step in potential (Fig. 11, upper trace, smooth curve)
yielded a 7, of 3-83 ms. This fitted exponential did not
describe the current at earlier times. Fitting a single
exponential over the interval 2:4—4:2 ms (middle trace,
smooth curve) yielded a faster 7, of 2:70 ms, but did not
correctly describe the current decay at longer times. The
whole decay time course could be well described by a two-
exponential fit (bottom trace, smooth curve) with a 7y, ¢5; of
268 ms and 7,4,y Of 692 ms. Mean values for these
double-exponential fits are also shown in Fig. 10 (V, 7, gas;
A, Thpaow) Tnamow(V) agrees closely with the single-
exponential 7, (V) values seen in CaZ" only, and Th rase(V) 18
also very similar to the single-exponential fit values
obtained in Na} only. Hence, the slow 7, seen in CaZ" only
cannot be attributed to any shift in values along the voltage

Figure 8. Steady-state inactivation curves in Cal*
only and in Cal* plus Na}

Peak current values during a —30 mV test step in
potential are shown. Each test step was preceded by a
150 ms conditioning step to one of the indicated
potentials. Peak currents are normalized to the
maximum value seen for each condition. Two curves,
both from the same cell, are shown. Values were obtained
in 0 Na}, 3 mm CaZ* (A) and in 2 mm Na, 3 mm CaZ*
(V). Smooth curves are best fits to eqn (3) in the text with
V' of —77-7 mV and ¥ of 761 mV (V)and V’ of

—84:6 mV and ¥’ of 9-06 mV (A). Values were obtained
using TTX subtraction.
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axis that might be produced on changing from 0 to 1 mm
Ca2*. The different inactivation kinetics do not arise from
the different ionic conditions. Another result following from
the close agreement between 7., and the single-
exponential 7, values in CaZ" only is that, again, these data
cannot be affected to any appreciable extent by any residual
uncompensated series resistance effects. Mean peak currents
in 0-5 mm Ca®" plus 1 mm Na? were four- to fivefold larger
than those in CaZ' only, but the Ioorrx) inactivation time
course was the same in the two bathing media.

Brown, Lee & Powell (1981) also found two inactivation
relaxations in the I, of rat ventricular myocytes, and their
Th tast(V) and 7y, g4 (V) values are in reasonable agreement
with those reported here. Brown et al. (1981) recorded in the
presence of Nag but no Ca?". Their 7, 4 component, then,
is very likely generated by Na" ions flowing through Iy,
channels, in agreement with the conclusion of Figs 6 and 7
and Table 1 that I,pyx) channels are permeable to Na' ions.
We detected only a single inactivation relaxation in Na
only as our Na! concentration was fiftyfold or more lower
than those used by Brown et al. (1981), and the slower
inactivation component, which is very small relative to the
faster (Brown et al. 1981), was not resolvable with the
relatively small current amplitudes of our experiments.

The close agreement between 7y ;o and 7, in Nag only at more
negative potentials might seem surprising considering the data of
Table 1. From the mean V,, and k values of the g(V)fits in Cag' plus
Nag at, and negative to, —50 mV I,qrx, channels should
contribute appreciably to the total gy, even if classical L, channels
are substantially more frequent than I, ) channels. The single-
exponential 7, in Na} only, then, might be expected to be weighted
significantly by the more slowly inactivating o prx). However, the
experiments of Table 1 were done in 3 mm Cat', while all 7,
determinations were in 0—1 mm CaZ*. For the 7, experiments, then,
Vy, values of activation for both [y,mprx,) and classical Na' channels,
and hence the potential range over which Iyrrx, channels
dominate the total activated gy,, should be shifted to more
negative values. Hence, over the potential range examined for the
7, determinations, the contribution of 7., to the single-
exponential 7, is actually expected to be modest at best and to

1.0
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Vi

0.4 1

0.2 1
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decrease to a negligible level at more positive potentials. An upper
limit to the contribution of 7, g, to the single-exponential 7, can
be estimated by comparing, for the six cells exposed to 05 mm Cal*
plus 1 mm Nag of Fig. 10, single-exponential 7, (V) fits to 7y goe1(V)
of the double-exponential fits. Mean ratio of 7, (single-exponential
fit) t0 7y goe for those six cells was: 1:73 at —55mV, 143 at
—50 mV, 1:30 at —45 mV and 1-10 at —40 mV. Thus, under these
experimental conditions the slowly inactivating Io,prx) does weight
the single-exponential 7, moderately to negligibly. Moreover, in Na!
only, the weight of the slowly inactivating component should be
even less as the current carried by Ig,qrx, channels will be reduced
substantially by removing CaZ¥, while that through the classical Ly,
channels is expected to increase, especially at more negative
potentials (Yamamoto et al. 1984). Brown et al. (1981) also found
that the slower inactivation relaxation seen in Na! only was
considerably smaller in amplitude than the faster, and contributed
negligibly to the single-exponential 7, positive to about —50 mV.
Hence, the 7,(V) values in Na} only of Fig. 10 are expected to be
only slightly weighted by the slower inactivating Iy, rx, channels
under those conditions and so agree closely with 7y, ¢,5 (V).

Compared with classical cardiac Na* channels Toarrx)
channels activate and inactivate over more negative
potential ranges, have a less steep voltage dependency for
both activation and inactivation, slower inactivation
kinetics, and very different permeability properties. Hence,
Ioyrrx) is a Na™ current component clearly distinct in its
characteristics from the classical cardiac Iy,, and probably,
then, also in its functional role.

The ratios of the zero time intercepts of the two exponential
components in the double-exponential fits of Figs 10 and 11

C a2+

-50 mV m‘\/,_,-—-——--~'——- I—
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provide a rough estimate of the relative contribution of the
two Na* current components. This method overestimates the
contribution of the faster component, and this error
increases as the values of the two time constants become
more divergent. Nevertheless, some information can be
gained. The mean value of the ratio of the zero time
intercepts at —55 mV (fast to slow) was 5:36 in the presence
of low concentrations of both Na} and CaZ". There was a
tenfold range of values at this potential, from 1:36 to 13-9.
It is not possible, however, to attribute this wide range of
variation to differences in the relative values of the two time
constants. The cell with the fast to slow intercept ratio of
1-36 had a faster 7, ¢, (2:72 vs. 2:95 ms) and a slower 7y, 50
(14:25 vs. 11:00 ms) than the cell with the ratio of 13-9.
There seems, then, to be a wide variability from cell to cell
in the relative densities of I, qrx, and classical Iy, channels.
This wide variability in relative densities is more consistent
with separate, non-interconvertable channel types than
with the reversible conversion of some fraction of a single
channel type into a different gating state (i.e. ‘modes’;
Patlak & Ortiz, 1985). It is not clear, however, how much of
this wide variation in the relative abundance of these two
channel types would be found in situ, and how much arises
during the cell dissociation and experimental procedures.

Other properties of I, qrx, channels

The block of inward currents produced by 0-1, 0:5, 1 and
2 um TTX was examined in the presence of 2 mm Nag plus
0-5 mm CaZ'. Thirteen determinations on seven cells were

Na*

-45mV -—-—f\/..m —

R

Figure 9. Current time course in Cal* and in Na}

200 pA

50 msec

The left column presents three current traces, all from the same cell, recorded in 1 mm CaZ' and 0 Na.
Currents from this same cell at the same three potentials, now in 0 Ca' and 1 mm Na are shown in the
centre column. The right column again presents the records in 0 Ca2*, 1 mm Na! now with those in 1 mm
CaZ*, 0 Na} recorded at that same potential superimposed. The records in Ca}' have been scaled up so that
their peaks match those recorded in Na?. Inactivation kinetics are slower in Cal’. Records are TTX

subtracted .
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Figure 10. Inactivation time constants °

as a function of potential in Ca?* only, & °

Na? only and in Ca2* plus Na? £ 4

Time constants were obtained with either 'g 7 4

single (O, O) or double (A, V) exponential fits “

to the decay of the current. Currents were s 7

recorded in 1 mm Ca', 0 Na} (0), 0 Cal’, O 54

1 mm Na? (O0) and 0-5 mm Cai', 1 mm Na} g 4

(slow component, A; fast component, 7). -

Analysis was on TTX -subtracted records. 84

Values pooled from four cells in Ca;' only, 2 -

four in Na? only and six in Ca}' plus Nag. s

Bars indicate s.E.M. T T T I = I

-65 -50 -45 -40 -35 -30

made under these conditions. An effective dissociation
constant, K, was determined from the mean value of the
unblocked fraction of the TTX-blockable inward current,
Lorx/ Lontrors 8t €ach TTX concentration, assuming a single
class of binding sites. K, was computed from:

Irrx/ Toonurar = (1 + (TTXV/ Kp)) ™, &)

where [TTX] is the concentration of blocker used. There was
no obvious trend in mean Kj, values with concentration. K,

Figure 11. The TTX -subtracted current displays two
inactivation relaxations in the presence of both Na} and
Cal*

The same TTX-subtracted current trace recorded at =55 mV is
presented three times. The smooth curve in the upper trace is a
single-exponential fitted between 7-8 and 25+0 ms (indicated by
arrows). That in the middle record is a single exponential fitted

between 2+4 and 42 ms (arrows). The smooth curve in the lower

record is a double exponential again fitted over the interval
indicated by the arrows. Fitted time constant values were
3-83 ms (upper trace), 2:70 ms (middle trace) and 2:68 and
6-92 ms (lower trace).

Voltage (mV)

was 063 M in 0-1 gm TTX (mean of three cells), 0-53 um
in 0°5 um TTX (mean of four cells), 060 g™ in 1 gm TTX
(mean of four cells), and 0-84 uM in 2 gm TTX (mean of two
cells), providing, then, no indication of more than one class
of sites. These experiments are probably not sufficient to
identify a population of high affinity sites constituting only
a very small fraction of the total. Overall mean K, under
these conditions was 0-62 um.

500 pA

10 msec

ARR
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TTX sensitivity was also examined in the presence of 3 mm
Ca2* and 0 Na}, in 0-1, 1 and 2 um TTX. Effective K,
values, again assuming only a single class of binding sites,
were 0°66 gM in 01 uM TTX (mean of three cells), 1:16 um
in 1 gM TTX (mean of four cells), and 1:11 gmin 2 pm TTX
(mean of three cells). Overall mean K, was 1-00 M, a value
not different from that seen in Ca2" plus NaZ.

In five cells Igyprx) Was recorded during long-lasting steps
in potential (500—1500 ms), over the range —30 to —40 mV,
to see if a persistent component could be identified. Five
millimolar CaZ" (with no Na!) was used throughout. Peak
inward Iogprx, ranged from —450 to more than —800 pA,
but in no case could a persistent current be detected.
Figure 124 presents a current record from one such
experiment. The first 125 ms of a 500 ms step to —30 mV
are shown. Peak inward current was —570 pA, and this
current seemed to inactivate completely. The continuous line
indicates zero current. As little as —10 pA of inward current
would have been readily detectable in this experiment.
Figure 12B presents this same trace from 50 to 260 ms into
the step, at an expanded current scale, now digitally filtered
at 1 kHz. The continuous line again indicates zero current
and the dashed line indicates —10 pA, which is measurably
different from zero.

J. Physiol.505.2

DISCUSSION

Icarrx) in rat ventricular myocytes is not generated by
either L- or T-type Ca** channels. The channels producing
this current are also distinct from the classical rat
ventricular cell Na™ channels. They have different kinetics,
different voltage ranges for activation and inactivation, and
different permeability properties from the classical cardiac
Na" channels, indicating that rat ventricular cells express
more than one Na' current component. More than one kind
of Na* current has now been reported for a wide variety of
cell types (see below). For cardiac cells in particular, more
than one functionally distinct type of Na' channel is a
relatively common and possibly even a general feature. The
frequency with which more than one type of Na* channel is
encountered in cardiac and other excitable cells suggests
that multiple Na* channel types may be a feature of some
functional importance, not just for cardiac excitation and
conduction but possibly for excitable cells quite broadly.

From tracer flux studies, it has long been known that Ca®*
ions enter squid giant axons during the generation of the
action potential (Hodgkin & Keynes, 1957). This Ca** entry
is largely or entirely through TTX-blockable channels
(Watanabe, Tasaki, Singer & Lerman, 1967), and using the
Ca’* indicator, aequorin, Baker, Hodgkin & Ridgeway

Figure 12. I,prx) does not display a persistent component

A current record during a step to —30 mV from a holding potential of —100 mV in the presence of 5 mm
CaZ" and no Na} is shown. 4, recording of the first 125 ms of a 500 ms step; B, this same record from 50 to
260 ms into the step, now at higher gain. The record in B has been digitally filtered at 1 kHz. For both 4
and B the continuous line indicates the zero current level. The dashed line in B indicates —10 pA. Iy rrx)
inactivates to a current level not detectably different from zero. Scales: 200 pA and 25 ms for 4, and 30 pA

and 40 ms for B.
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(1971) found that an early phase of voltage-dependent Ca’*
entry in squid giant axons was blocked by TTX. Meves &
Vogel (1973), also working on squid giant axons, described a
small Ca®* current that was blocked by TTX. Icorrx) have
also been reported in rat hippocampal CA1 cells (Akaike &
Takahashi, 1992), human atrial cells (Lemaire et al. 1995),
guinea-pig ventricular myocytes (Leblanc et al. 1996) and
here in rat ventricular myocytes.

Iy rrx) flows through a subpopulation of Na* channels
Ioarr, is insensitive to the Ca’ channel blockers nifedipine
(Leblanc et al. 1996), La®* (Akaike & Takahashi, 1992;
Lemaire et al. 1995; this study) and Ni** (Lemaire et al.
1995; this study), but modified by Na* channel agents such
as scorpion toxin (Akaike & Takahashi, 1992) and veratridine
(Lemaire et al. 1995; Leblanc et al. 1996). Io,rrx, channels
have been shown to be permeable to Na* (Meves & Vogel,
1973; Akaike & Takahashi, 1992; this study). Ioaerrx)
seems, then, to flow through Na' channels.

Icarrx) channels appear to be a distinct subpopulation from
the main population of Na* channels in each cell type. They
typically (i) display slower inactivation kinetics (Meves &
Vogel, 1973; Akaike & Takahashi, 1992; Lemaire et al.
1995; this study), (ii) activate over more negative potential
ranges (Meves & Vogel, 1973; Akaike & Takahashi, 1992;
this study), and (iii) generate currents that are small relative
to those produced by the main Na* channel population (Meves
& Vogel, 1973; Lemaire et al. 1995; this study). Moreover,
Lemaire et al. (1995), working on human atrial cells, found
that neither the magnitude nor even the presence or absence
of the I, prx, correlated with that of the classical Iy, from
cell to cell, consistent with the view that Ioyprx, is
generated by a population of channels separate from the
main Na" channel type. Similarly, we also find a wide
variation in the relative abundance of Io,qrx) and classical
cardiac Na' channels in rat ventricular cells, suggesting that
these two functional Na* current components do not reflect
different gating modes of a single channel type (Patlak &
Ortiz, 1985). Meves & Vogel (1973) had in fact proposed that
there are two populations of Na' channels in squid axons
with the small population showing a relatively large and the
main population showing little or no Ca>* permeability.

Distinct subpopulations of Na* channels are found in
many cell types

There are a number of additional clear demonstrations of
more than one type of Na* or at least TTX-blockable current
in a single cell type. Compelling evidence for another Na"
channel type has been reported in Myzxicola giant axons
(Goldman & Hahin, 1978), denervated (Pappone, 1980),
cultured (Gonoi, Sherman & Catteral, 1985), and developing
(Weiss & Horn, 1986) rat skeletal muscle, rat ventricular
cells (Cachelin et al. 1983; Kunze et al. 1985; Saint et al.
1992; Ju, Saint & Gage, 1994; this study), squid giant axons
(Gilly & Armstrong, 1984), chick ventricular myocytes (Ten
Eick et al. 1984), frog myelinated axons (Benoit, Corbier &
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Dubois, 1985), canine cardiac Purkinje fibres (Scanley &
Fozzard, 1987), rat cultured type-2 astrocytes (Barres,
Chun & Corey, 1989), rat cortical neurons (Kirsch & Brown,
1989), human neuroblastoma LA-N-5 cells (Weiss & Sidell,
1991), human atrial cells (Sakakibara et al. 1992), and rabbit
Purkinje and ventricular cells (Zilberter et al. 1994).

Compared with the main body of Na" channels, the
additional (i.e. less frequent) type of Na* channel displays
some diverse properties. For example, it requires more
positive conditioning potentials to produce inactivation than
the main population in squid axons (Meves & Vogel, 1973)
and frog myelinated axons (Benoit et al. 1985), but less
positive in denervated muscle (Pappone, 1980), rat type-2
astrocytes (Barres et al. 1989), human LA-N-5 cells (Weiss
& Sidell, 1991), and rat ventricular myocytes (this study).
However, two characteristics are encountered with notable
frequency. The additional type of Na" channel typically (i)
displays slower inactivation kinetics than the main Na*
channel population (Goldman & Hahin, 1978; Pappone,
1980; Benoit et al. 1985; Barres et al. 1989; Kirsch & Brown,
1989; this study), and (ii) activates over more negative
potential ranges (Goldman & Hahin, 1978; Pappone, 1980;
Gilly & Armstrong 1984; Benoit e al. 1985; Weiss & Horn,
1986; Barres et al. 1989; Weiss & Sidell, 1991; Saint et al.
1992; Ju et al. 1994; Zilberter et al. 1994; this study).

Hence, an additional type of Na™ channel has been reported
in Myzicola and squid giant axons, frog myelinated axons,
rat hippocampal CA1 cells, rat cortical neurons, rat cultured
type-2 astrocytes, human cultured neuroblastoma cells,
developing and denervated rat skeletal muscle, ventricular
myocytes in chick, guinea-pig and rat, canine cardiac
Purkinje fibres, human atrial cells, and rabbit Purkinje and
ventricular cells. This widespread occurrence suggests that
the expression of more than one functional type of Na'
channel may be of significance for the physiology of at least
some of these diverse cells. That (in each case where data
was available for comparison) the additional type of Iy,
displayed slower inactivation kinetics and activated over a
more negative potential range than the main I, component
suggests that it may fill a similar functional role in diverse
cell types.

The second type of Na" channel may not be identical across
all cell types, however. Values for the sensitivity of this
second Na" channel to TTX ranged from a concentration
needed to block half the current, IC,,, of 3:5nM in rat
hippocampal CA1 cells (Akaike & Takahashi, 1992) to a K,
greater than 6 uM in human neuroblastoma cells (Weiss &
Sidell, 1991). Moreover, the second (i.e. less frequent) type
of Na' channel in rat skeletal muscle may be encoded by the
same gene, SkM2, that encodes the main type in rat
ventricular cells (Rogart, Cribbs, Muglia, Kephart & Kaiser,
1989; Kallen, Sheng, Yang, Chen, Rogart & Barchi, 1990).
A closely matching isoform has also been isolated from
human adult cardiac tissue (Gellens et al. 1992). While it is
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not completely clear that it is the main (as opposed to some
other) cardiac Na' channel that is identical to the second
skeletal muscle channel, the more than thousandfold range
of reported TTX sensitivities suggests that even if the second
Na' channel type has a similar functional role in diverse cell
types, it may not always be structurally identical. A
question of interest for cardiac electrophysiology is the
nature of the additional Na* channel or channels in cardiac
cells.

A second, smaller Iy, component has also been reported in dorsal
root ganglion neurons (Ogata & Tatebayashi, 1992; Roy &
Narahashi, 1992). This second Na* component in rat dorsal root
ganglion neurons displays massively slowed both inactivation and
activation kinetics compared with the main channel type, and
activates over a more positive range of potentials (Ogata &
Tatebayashi, 1992; Roy & Narahashi, 1992). It has a remarkably
high K, for TTX, 100 um (Roy & Narahashi, 1992) or higher
(Ogata & Tatebayashi, 1992) and so is clearly divergent in
properties from the other I, components discussed here. A similar
divergent additional Ly, component with little or no demonstrated
TTX sensitivity has been reported in other vertebrate peripheral
neurons (e.g. Bossu & Feltz, 1984).

More than one type of Na* channel in mammalian
cardiac cells

Evidence for more than one type of mammalian cardiac Na*
current has been accumulating for some time. Coraboeuf,
Deroubaix & Coulombe (1979) found that the action
potential duration in canine cardiac Purkinje fibres was
shortened by TTX concentrations (30—60 nm) that had no
effect on the maximum rate of rise of the action potential,
Vinox> consistent with a second small population of slower
inactivating or persistent Na* channels with a higher TTX
sensitivity than the main population. While action potential
duration and V,,, may not be equally sensitive assays of Iy,
magnitude, subsequent studies supported the idea of more
than one Na" channel population in cardiac cells. In rat
ventricular myocytes Saint et al. (1992) found that a small
Ig, component that did not fast inactivate was more TTX
sensitive than the large, rapidly inactivating component. It
also activated over a more negative range of potentials and
reversed at more negative potentials, indicating a lower
selectivity, than the main Iy, component. In this same
preparation Ju et al. (1992) found that 100 nm TTX
shortened the duration of the action potential with little
effect on its amplitude, consistent with the findings of
Coraboeuf et al. (1979). Sakakibara et al. (1992) working in
human atrial cells found two classes of TTX binding sites.
Ninety-two per cent of the total had a normal cardiac K, of
1'3 um and the remaining 8% had a K of 25nm.
Correspondingly, inactivation developed as the sum of two
exponentials with the slower component constituting 8—-9%
of the total relaxation at potentials comparable to those at
which TTX block was studied. At more negative potentials,
the more slowly inactivating component constituted a larger
fraction of the total suggesting that the channels generating
this component activated over a more negative range of
potentials. Certainly, the presence of two inactivation
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relaxations does not of itself indicate more than one channel
type. However, the correspondence with the second class of
TTX binding sites is suggestive of two populations of
channels. The I,prx) reported in guinea-pig ventricular
myocytes (Leblanc et al. 1996), human atrial cells (Lemaire
et al. 1995) and rat ventricular myocytes (this study) provide
additional evidence for more than one type of mammalian
cardiac Na* channel.

With single-channel recording Cachelin et al. (1983) and
Kunze et al. (1985) found a second, rare, type of Na'
channel in rat ventricular myocytes distinguished by its
lower conductance. In this same preparation Ju et al. (1994)
found that late channel openings activated over a more
negative range of potentials than did those appearing early
in the step. The late opening channels had a longer mean
open time, but in contrast to those of Cachelin et al. (1983)
and Kunze et al. (1985) had about the same single channel
conductance as the main, early opening type. A second,
relatively rare, type of Na' channel with a lower single
channel conductance than the main type has also been
reported in canine cardiac Purkinje fibres (Scanley & Fozzard,
1987). Zilberter et al. (1994), working on rabbit Purkinje
and ventricular cells, found that channels opening late
during a depolarizing step had a shorter mean open time
than those opening early. The shorter mean open time
channels were more resistant to inactivation and constituted
a larger fraction of the total at less depolarizing potentials,
suggesting that they activated over a more negative
potential range.

How many types of mammalian cardiac Na* channels
are there?

Both an Iy prx, and a second class of TTX binding sites
have been reported in human atrial cells (Lemaire et al.
1995; Sakakibara et al. 1992), and both an Iyyqprx) and an
additional small Iy, component have also been described in
rat ventricular myocytes (this study; Saint et al. 1992). If, in
human atrial cells, the small, slower inactivating Iy,
component does indeed arise from the small population of
high affinity TTX binding sites, then I prx, and the
additional I, component in these cells both inactivate more
slowly than the main body of classical Na* channels. And, in
rat ventricular myocytes both Iy, rx) and the persistent Iy,
component of Saint et al. (1992) activate over more negative
potentials than the classical cardiac Ig,. However, in both of
these cell types there are clear differences in the functional
characteristics of I, prx)and the additional Jy, component.

The TTX ICy, for Iy prx, in human atrial cells is about 1 gm
(Lemaire et al. 1995). A similar value of 24 ym was
reported for I, prx) in guinea-pig ventricular cells (Leblanc
et al. 1996), and we find a Ky, of 10 um for Iypry) in rat
ventricular myocytes. However, the second class of TTX
binding sites in human atrial cells has a K; of 25nm
(Sakakibara et al. 1992), and it is not possible to identify the
channels generating the I.,rrx, in human atrial cells with
those providing the second small class of TTX binding sites
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owing to this fortyfold difference in reported TTX
sensitivities. For rat ventricular myocytes, the separate
nature of the channels generating the Io,rrx, and those
responsible for the persistent I, can also be established.

We find an effective K, for the TTX sensitivity of Ioprx,
in rat ventricular myocytes of 10 um. However, Saint ef al.
(1992) found that 100 nm TTX blocked the persistent L, in
rat ventricular myocytes nearly completely, suggesting a K,
for this persistent component in the nanomolar to tens of
nanomolar range. It is not possible, then, to identify Io,pr,
channels with those generating the persistent current of
Saint et al.

Icarrx) channels, moreover, display no detectable persistent
component, but, rather, seem to inactivate completely. Saint
et al.(1992) found that the persistent Iy, was about 0-5% of
the peak current in 2 mm Ca2 and 130 mm Na}. For the
record of Fig. 12, peak current was —570 pA, and this peak
decayed to a steady-state value not detectably different
from zero. A steady-state inward current of as little as
—10 pA or 1:75% of the peak would have been readily
detectable (Fig. 12B). To attribute the persistent component
t0 Ioyrrx) channels, then, would require that Io,mprx,
contributes nearly 30% of the total peak Iy, in 130 mm
Na;. However, it seems clear that Iggrrx, does not
contribute this large a fraction of the total I, under these
conditions. Brown et al. (1981) found two Iy, inactivation
relaxations in rat ventricular myocytes, and their 7, o0, (V)
and 7y, g, (V) values are consistent with our 7, ¢, (V) and
Tnsiow(V) data obtained in 1 mm Na! plus 0-5 mm Cal'
(Fig. 10). Our 7y, 40 (V) component is generated by I,mprx,
channels, and it seems very likely, then, that the
corresponding component of Brown et al. similarly arises
from Iyyrrx, Brown et al., using considerably higher Nag
concentrations than we did, found that 90% of the current
decay could be accounted for by the faster inactivation
process, and positive to —50 mV, 7y, ¢, and 7, obtained
from a single-exponential fit were nearly identical. We
obtained the same result under our experimental conditions.
Both we and Brown et al. find that the slower inactivation
relaxation contributes significantly to the single-exponential
Ty, value only at more negative potentials, and we are now
able to account for this voltage dependency of the relative
contribution of the 7y, g, component from the more negative
range of activation of Iy,prx) At more positive potentials,
however, where the classical cardiac Na' channels are also
substantially activated, Iogrrx, channels weight the single-
exponential 7, negligibly and so contribute only a relatively
small fraction of the total Iy,. Hence, if Ioyprx, channels
generate the persistent Iy, component of Saint et al. (1992),
they ought to display a persistent component which is more
than a negligible fraction of the peak Iyyqrrx, and readily
detectable in 5 mm Ca’, while none was seen experimentally,
confirming that I, rrx, channels are not the persistent Na*
channels of Saint et al. Hence, the demonstration of the
separate nature of Io,qrx) and the persistent component
does not depend only on the different effective K, values for
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TTX for these two components. Thus, rat ventricular
myocytes express three functionally distinet types of Na*
channels: the classical cardiac Na" channels, a population
that is more TTX sensitive and generates a long-lasting I,
component, and a population that is appreciably more Ca**
permeable. Human atrial cells and possibly other mammalian
cardiac cells as well similarly express three types of Na*
channels.

If heart 1/SkM2 does indeed encode the main type of cardiac
Na" channel, then the Icarrx) channel is functionally
distinct from both mammalian muscle Na* channel isoforms,
SkM1 and SkM2. SkM2 channels inactivate more slowly,
and activate and inactivate over more negative potential
ranges than those encoded by SkMI, while the Ioyrrx,
channel inactivates yet more slowly and activates and
inactivates over an even more negative potential range than
the classical cardiac Iy,. It is not possible to identify Ioyqrx,
with SkM2 channels as SkM2 channels show no appreciable
Ca®" permeability (Pappone, 1980). While a single amino
acid substitution can confer Ca’ permeability on Na*
channels (Heinemann, Terlau, Stiihmer, Imoto & Numa,
1992), Iysrrx, channels differ from the other characterized
Iy, components in cardiac cells by more than just
permeability ~properties. Possibly the Ioqx, channel
corresponds to a differentially regulated, post-translationally
modified or novel cardiac isoform. A novel Na" channel
isoform, Na,2, has in fact been identified in human cardiac
and uterine tissue (George, Knittle & Tamkun, 1992) and a
mouse atrial tumour cell line (Felipe, Knittle, Doyle &
Tamkun, 1994). However, functional properties of the Na.,2
family are not known. Also, Sills et al. (1989) have identified
a partial Na* channel sequence that appears to be specific for
cardiac tissue and is distinct from both SkM1 and SkM?2.

The fact that I,prx) channels activate over a more negative
range of potentials than the classical cardiac Na* channels
suggests that they may play a critical role in depolarizing
the membrane potential to action potential threshold. For
example, from the Boltzmann fits of Fig. 7, at —55 mV,
15% of the Iyyrrx) channels are activated while less than
0°1% of the other Na* channels are conducting. At —50 mV,
45% of the Ioyrrx, but only 1% of the remaining Na'
channels are activated. Hence, even though classical cardiac
Na® channels must be substantially more frequent than
Iearrx) channels, there exists a range of potentials over
which nearly all the gy, activated is from Io,qprx, channels.
These channels would be a major determinant in the
triggering and conduction of the ventricular action potential.
They should act to amplify the depolarization delivered to
ventricular cells by Purkinje fibres and so serve to activate
the main body of classical ventricular Na* channels. Toarrx)
channels may, therefore, be of particular importance for the
problem of arrhythmias, and the gene encoding these
channels could be a particularly effective target for gene
therapy for cardiac arrhythmias.
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