J. Membrane Biol. 197, 155-168 (2004)
DOI: 10.1007/s00232-004-0650-6

The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 2004

Channel Activation Voltage Alone Is Directly Altered in an Isoform-specific Manner by

Na,; 4 and Na,; 5 Cytoplasmic Linkers

E.S. Bennett

Department of Physiology & Biophysics and Program in Neuroscience, University of South Florida College of Medicine,

Tampa, FL 33612, USA

Received: 8 July 2003/Revised: 29 November 2003

Abstract. The isoform-specific direct role of cyto-
plasmic loops in the gating of two voltage-gated so-
dium channel isoforms, the human cardiac channel
(Nayi5; hHI1) and the human adult skeletal muscle
channel (Nay; 4; hNSkM1), was investigated. Compari-
son of biophysical characteristics was made among
hSkM1, hHI1, and several hSkM1/hH1 chimeras in
which the putative cytoplasmic loops that join do-
main I to IT (loop A) and domain II to III (loop B)
from one isoform replaced one or both of the anal-
ogous loops from the other isoform. For all param-
eters measured, hSkM1 and hH1 behavior were
significantly different. Comparison of hSkMI1 and
hH1 biophysical characteristics with the function of
their respective chimeras indicate that only the half-
activation voltage (V,) is directly and differently al-
tered by the species of cytoplasmic loop such that a
channel consisting of one or both hSkMI1 loops ac-
tivates at smaller depolarizations, while a larger de-
polarization is required for activation of a channel
containing one or both of the analogous hH1 loops.
When either cardiac channel loop A or B is attached
to hSkM1, a 6-7 mV depolarizing shift in V, is
measured, increasing to a nearly 20 mV depolariza-
tion when both cardiac-channel loops are attached.
The addition of either skeletal muscle-channel loop
to hH1 causes a 7 mV hyperpolarization in V,, which
increases to about 10 mV for the double loop chi-
mera. There is no significant difference in either
steady-state inactivation or in the recovery from
inactivation data between hSkMI1 and its chimeras
and between hH1 and its chimeras. Data indicate that
the cytoplasmic loops contribute directly to the
magnitude of the window current, suggesting that
channels containing skeletal muscle loops have three
times the peak persistent channel activity compared
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to channels containing the cardiac loops. An elec-
trostatic mechanism, in which surface charge differ-
ences among these loops might alter differently the
voltage sensed by the gating mechanism of the
channel, can not account for the observed isoform-
specific effects of these loops only on channel acti-
vation voltage. In summary, although the DI-DII and
DII-DIII loop structures among isoforms are not well
conserved, these data indicate that only one gating
parameter, V, is affected directly and in an isoform-
specific manner by these divergent loop structures,
creating loop-specific window currents and percent-
ages of persistently active channels at physiological
voltages that will likely impact the excitability of the
cell.
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channels — Ion channel gating — Window current —
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Introduction

Voltage-gated sodium channels are responsible for
the initiation and propagation of nerve, skeletal
muscle, and cardiac action potentials. The orches-
trated activation and inactivation gating of sodium
channels is vital to normal neuronal signaling, skel-
etal muscle contraction, and normal heart rhythms.
Even small syncopations from this normal gating
rhythm may alter cellular excitability and whole-an-
imal physiology significantly. Several genetic sodium
channel diseases have been described, with multiple
mutations leading to similar disease phenotypes.
Diseases such as paramyotonia congenita (PMC),
hyperkalemic periodic paralysis (HYPP), and
long QT syndrome (LQTS), are all examples of
well-studied genetic ion channel diseases of skeletal
muscle and cardiac voltage-gated sodium channels
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(see, e.g., Cannon, Brown Jr. & Corey, 1991; Ptacek
et al., 1991, 1992; Cummins et al., 1993; Chahine
et al., 1994; Bennett et al., 1995; Dumaine et al., 1996;
Fan et al., 1996; Hayward, Brown Jr. & Cannon,
1996; Ii et al., 1996; Lawrence et al., 1996; Lerche
et al., 1996; Wang et al., 1996; Nagatomo et al., 1998;
Wei et al., 1999; Schwartz et al., 2000; Abriel et al.,
2001; Splawski et al., 2002). These mutant channels
typically show small “persistent”” sodium currents
when studied in vitro, caused primarily by a tiny
percentage of mutant channels residing in the active
state longer than the wild-type channel. There are
several possible molecular mechanisms that could
lead to this persistent current, one of which is a
change in the magnitude and/or voltage-range of the
so-called “window current” (see, e.g., Wang et al.,
1996; Abriel et al., 2001; Splawski et al., 2002). The
window current is the intersecting area under the
overlapping conductance-voltage and steady-state
inactivation curves, and it represents the voltage
range at which a small percentage of channels is
persistently active. Such activity would lead to a
small, persistent inward current and slight depolari-
zation of the membrane, consistent with that
observed in LQTS, HYPP, and PMC. In addition
to muscle sodium channelopathies, recent work on
naturally occurring mutations of SCN1A (Nay ),
which appear to be responsible for inherited epilepsy,
show similar effects on channel function. That is, an
increase in the window current may be responsible for
the creation of a hyperexcitable mutant SCN1A that
leads to seizures (Lossin et al., 2002; Spampanato et
al., 2003). In all of these examples, channel function is
only minimally affected, with a tiny increase in per-
sistent channel activity on the order of 1%, yet the
whole-animal phenotype is altered significantly.
Patients present with such symptoms as muscle pa-
ralysis, myotonia, cardiac arrhythmias, or seizures
caused by the slight redistribution of channels from
one functional state to another and/or a slight change
in resting membrane potential.

Recent studies from our lab revealed a novel
functional difference between two sodium channel
isoforms, the adult skeletal muscle sodium channel
(Nay 4) and the cardiac sodium channel (Nay; 5). The
studies described apparent differences in the activa-
tion mechanisms between the two isoforms. We
showed in Bennett, 1999, that while internal papain
treatment removed both Na,; 4 and Na,,; 5 fast inac-
tivation, the half-activation voltage (V,) for Nay s
was shifted dramatically in the hyperpolarized di-
rection with no significant impact on ¥V, for Na 4.
The effect of papain on Nay; s V, was shown to be
direct and not a result of the uncoupling of inacti-
vation from activation. Together, the data implied
that cytoplasmic structural differences between
cardiac and skeletal muscle sodium channel isoforms
exist that differently impact channel activation.
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The second report set out to determine specific
cytoplasmic regions of the cardiac sodium channel
responsible for this papain-induced shift in ¥, (Ben-
nett, 2001). Functional comparison of Na,;4/Nay s
chimeras indicated that the first two cytoplasmic
loops (loops A and B, respectively) of the cardiac
sodium channel joining domain I to II and domain II
to III are both necessary and together sufficient to
produce a significant shift in the voltage at which the
cardiac channel activates. This measured shift in V,
was observed even in the absence of papain, albeit in
the opposite direction, indicating that these loops,
intact, or disrupted following papain treatment, have
some effect on the voltage dependence of channel
gating.

It is not surprising that one observes isoform-
specific functional effects of these cytoplasmic loops,
as these loops are among the least conserved channel
structures across the voltage-gated sodium channel
family. Thus, one might expect significant functional
differences imposed by such diverse structures. While
the previous studies measured isoform-specific
changes in steady-state activation voltage correlated
to apparently disrupted cytoplasmic loops following
papain treatment, data linking these different loops to
direct effects on other specific gating mechanisms was
not determined.

As such, there are several possible mechanisms
that might produce the measured shifts in channel
activation voltage observed following papain treat-
ment: 1) An exclusive, isoform-specific direct effect of
these loops on channel activation voltage; 2) the
specific loop attached to a channel may impose
multiple effects on various gating parameters; 3) a
given loop may impose the same or similar effect(s)
on all gating parameters; or 4) direct, isoform-specific
effects of these loops on gating mechanisms other
than activation that are observed as shifts in channel
activation voltage due to the kinetic coupling among
functional channel states. Any of these four possi-
bilities are plausible. Thus, more direct measurements
of various gating parameters are needed in order to
determine more conclusively the isoform-specific role
of these cytoplasmic loops in channel function.

Here we investigate these possibilities by meas-
uring the differential (or lack thereof) effects of cy-
toplasmic loop(s) A (DI-DII linker) and/or B (DII-
DIII linker) of the human cardiac (Na,;s hHI)
versus skeletal muscle (Nay;4 hSkM1) sodium
channels on several channel gating mechanisms, all in
the absence of papain. We measure and compare
activation, inactivation, and recovery parameters for
hSkM1 and hHI1 and six chimeras in which one
or both loop(s) A and B of hSkM1 and hH1 are
swapped. For all parameters measured, hSkM1 and
hH1 behavior are significantly different. However,
comparison of the biophysical characteristics of
hSkM1 and hH1 with the function of their respective
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hH1
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single and double loop chimeras indicate that only
the half-activation voltage (V,) is directly and dif-
ferently affected by the species of cytoplasmic loop
such that a channel activates at smaller depolariza-
tions if it contains one or both of the hSkM1 loops,
while a larger depolarization is required if the channel
contains one or both of the analogous hHI1 loops.
Neither steady-state inactivation nor the recovery
from inactivation is altered by swapping loops. The
window current, however, shows a marked depend-
ence on the species of loop attached to the channel,
such that peak persistent channel activity in the
presence of the skeletal muscle channel loops is pre-
dicted to be more than three times the peak persistent
activity of channels containing the cardiac channel
loops. Together, these data indicate that although
these two cytoplasmic loops of hH1 and hSkM1 are
structurally divergent, only one gating parameter,
channel activation voltage, is directly and differently
affected, creating a change in the level of persistent
activation that will likely impact the excitability of
the cell. Initial studies of the mechanism responsible
for this phenomenon indicate that any internal sur-
face charge differences among these loops that might
alter differently the voltage sensed by the gating
mechanism of the channel (i.e., an -electrostatic
mechanism) can not account for the observed iso-
form-specific effects of these loops only on channel
activation voltage.

Materials and Methods

CHO CELL-TRANSFECTION AND TiSSUE CULTURE
METHODS

All constructs used were either created or subcloned as described in
Bennett, 2001, and are shown schematically in Fig. 1. CHO cells
were transfected with each vector using lipofectamine technology
as previously described (Bennett, 1999). Briefly, CHO cells were
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Fig. 1. Schematic depicting hSkM 1, hH1, and
tested chimeras. Figure depicts the wild-type
channels and chimeras studied throughout this
report. A schematic of hSkM1 and hH1 head the
left and right columns, respectively. The corre-
sponding chimeras are shown below their
respective wild-type isoforms. For example,
chimeras consisting primarily of hSkM1 and of
one or two hHI1 cytoplasmic loops are depicted
in the hSkM1 column. Nomenclature used is
consistent with that used previously (Makita

et al., 1996; Bennett, 2001).

passaged onto 35 mm culture plates at about 25% confluence.
Following a 24 hour incubation, cells were then exposed to a 1 ml
Opti-MEM (GIBCO Life Technologies) medium containing 8 pl
lipofectamine (GIBCO) and 1-2 pug DNA, consisting of about
12% pGreen Lantern-1 (GFP; GIBCO), and about 88% sodium
channel expression vector. Following a 5-24 hour incubation at
37°C in a 5% CO, humidified incubator, the medium was ex-
changed for normal, non-selective CHO cell-growing medium. A
post-transfection incubation of 68—76 hours preceded the electro-
physiological recordings, selecting cells expressing GFP. As de-
scribed previously, GFP had no effect on sodium channel function
(Bennett, 1999).

WHOLE-CELL RECORDING OF SODIUM CURRENTS IN
CHO CELLs

Transfected cells were studied using the patch-clamp whole-cell
recording technique described previously (Bennett et al, 1997). An
Axon Instruments 200B patch-clamp amplifier with a CV203BU
headstage (Axon Instruments) was used in combination with a
Nikon TE300 inverted microscope. Pulse protocols were generated
using a 200 MHz Pentium II or 800 MHz Pentium III PC computer
(Dell Computers) running Pulse acquisition software (HEKA). The
resultant analog signals were filtered at 5 kHz using an eight-pole
Bessel filter (Frequency Devices - 9200 LPF) and then digitized
using the ITC-16 AD/DA converter (Instrutech).

The Sutter micromanipulator, MP-285, was used to place the
electrode onto the cell. Electrode glass (Drummond capillary tubes,
2-000-210) was pulled using a two-step process on a Sutter (model
P-87) electrode puller to a resistance of 1-2 MQ measured in the
salt solutions used. The external solution used was (in mm): 224
sucrose, 22.5 NaCl, 4 KCl, 2.0 CaCl,, 5 glucose, and 5 HEPES,
while the internal solution used was (in mm): 120 sucrose, 60 CsF,
32.5 NaCl, and 5 HEPES (titrated with IN NaOH to pH = 7.4 at
room temperature). Although series resistance was compensated
95-98% for all data, the smaller current produced using the low-
sodium solutions further minimized any remaining series resistance
error, resulting in < 1mV error. The phenomena reported here were
unaffected by the use of these solutions, as indicated by the fact
that the half-activation voltages measured for the two wild-type
channels (hSkM1 and hH1) and the two double-loop chimeras
(hSkM1AB and hH1AB) under more physiological Na* gradients
(132 mm Na™ extracellular, 11.5 mm Na™ intracellular) were not
significantly different from those indicated in Table 1 measured
under the outward Na™ gradients used in this study. All data
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Table 1. Gating parameters for hSkM1, hH1
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and the single- and double-loop chimeras

Na™ channel n Va (mV) K, (mV) Vi (mV) K;i (mV) T, (—20 mV) (ms) Trec(—120 mV) (ms)
construct

hSKM1 9 —-259 £ 1.9 —-7.0 £ 0.5 —-56.0 = 1.1 54 £ 0.3 1.1 £0.1 0.92 £ 0.04
hSkM1A 9 —19.1* + 2.3 —-7.3 £ 0.8 —555 £ 23 57 £0.5 1.3 £ 0.1

hSkM1B 9 —19.6* + 1.9 —-7.8 £ 0.3 —582 + 1.8 5.1 +£0.2 1.6 £ 0.3

hSkM1AB 9 —6.5%*%% + 22 -7.6 £ 0.5 —53.0 = 2.4 6.0 £ 0.5 3.3*%* £ 0.8 0.92 + 0.03

hH1 13 -20.2 £ 1.5 —8.3 £ 0.6 —64.9 = 2.7 7.1 £ 09 22 £0.2 29 £ 0.1

hH1A 8 —26.0* + 3.0 -9.1 £ 0.6 —69.1 + 4.0 6.6 £ 0.5 1.4%%* £+ 0.1

hH1B 9 —25.3*% £ 2.8 -93 + 0.6 —68.2 £ 2.8 6.5 £ 0.2 L.4%%*% £+ 0.1

hH1AB 7 —28.8%* + 2.8 —-8.3 £ 0.6 —66.9 = 3.4 7.1 £ 0.5 1.3%8% £+ (.1 3.1 £ 0.1

Data list the mean parameter value £+ SEM

for six gating parameters measured for hSkM1, hH1, single- and double-loop chimeras.

Significance was tested throughout by comparing chimera function with wild-type channel function using a two-tailed test, demarcating
significance as follows: *significant (p < 0.05); **very significant (p < 0.01); ***highly significant, (p < 0.005).

shown are recorded at least 5 minutes after attaining whole cell
configuration to assure complete dialysis of the intracellular solu-
tion. All experiments were performed at room temperature (22—
24°C). All solutions were filtered using Gelman 0.2 pm filters im-
mediately prior to use.

PuLsE ProTOCOLS

Conductance-Voltage (G-V) Relationship

The cell was held at —100 mV, stepped to various depolarized
potentials (ranging from —100 to +70 mV in 10 mV increments)
for 10 ms, and then returned to the holding potential. Consecutive
pulses were stepped every 1.5 seconds and the data were leak-
subtracted using the P/4 method, stepping negatively from the
—100 mV holding potential. At each test potential, steady-state
whole-cell conductance was determined by measuring the peak
current at that potential and dividing by the driving force (i.e.,
difference between the membrane potential and the observed re-
versal potential). The maximum conductance generated by each cell
was used to normalize the data for each cell to its maximum con-
ductance by fitting the data to a single Boltzmann distribution
(equation 1, solving for maximum conductance). The average V,
+/— seM and K, +/— sem values listed in Table 1 are determined
from these single Boltzmann distributions. The normalized data
were then averaged with those from other cells, and the resultant
average conductance-voltage curve was fit via least squares using
the following Boltzmann relation:

Fraction of maximal conductance = [1 + exp —(V — Va/Ka)] ",
(1

where V' is the membrane potential, V, is the voltage of half-acti-
vation, and K, is the slope factor.

Measurement of Inactivation Time Constants

Inactivation time constants were determined by fitting the current
traces used to measure G-V relationships. Attenuating currents
from 90 to 10% of the peak values were fit to a single-exponential
function to determine the time course of fast inactivation.

Steady-State Inactivation Curves (hing)

Voltage dependence of steady-state inactivation was determined by
first prepulsing the membrane for 500 ms from the —100 mV

holding potential, then stepping to +60 mV for 5 ms, and then
returning to the —100 mV holding potential. The prepulse voltages
ranged from —130 mV to +10 mV in 10 mV increments. The
currents from each cell were normalized to the maximum current
measured by fitting each single cell data to a single Boltzmann
distribution (equation 2, solving for maximum current), from
which the mean V; £ sem and K; + sem values listed in Table 1
were determined. The normalized data for many cells were then
averaged and fit to Eq. 2, from which the mean V; and K; describing
steady-state inactivation for the channel population were calcu-
lated.

Fraction of maximum current = [1 4+ exp((V — V;)/K;)] ™"

)

Recovery from Inactivation

Cells were held at —100 mV, then stepped to +60 mV for 10 ms
and returned to the recovery potential for varying duration ranging
from 1 to 20 ms in 1 ms increments. Following this recovery pulse,
the potential was again stepped to +60 mV for 10 ms. The peak
current measured during the two +60 mV depolarizations were
compared, and the fractional peak current remaining during the
second depolarization was plotted as a function of the recovery
pulse duration. This represents the fraction of channels that re-
covered from inactivation during the recovery interval. Time
constants of recovery were determined by fitting the data to single-
exponential functions.

DATA ANALYSIS

The data were analyzed using a combination of Pulse/PulseFit
(HEKA) and SigmaPlot 2001 (SSPS Inc.) software.

Results

ACTIVATION VOLTAGES ARE DIRECTLY AND
CONSISTENTLY DEPENDENT ON THE SPECIES OF
CytorLASMIC Loop(s) ATTACHED TO THE
CHANNEL

Our previous studies showed that intracellular papain
treatment caused a shift in the voltage dependence of
cardiac sodium-channel activation (Bennett, 1999).
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Fig. 2. Channel activation voltage is more depolarized for channels
containing hH1 loops A and/or B than for channels containing the
analogous hSkM1 loops. Panel A: Whole-cell current traces from
CHO cells transfected with hSkM1, hH1, hSkM1AB, and hH1AB.
Currents recorded during 10 ms test pulses ranging from —50 to
+60 mV in 10 mV increments, stepped from the —100 mV resting
potential. Panel B: Conductance-voltage (G-V) relationships for all
tested constructs. Data are the average normalized peak conduct-

The cardiac channel structures responsible for this
phenomenon were localized to two cytoplasmic
loops: the loops joining domain I to IT and domain II
to III, with each loop contributing nearly equally to
the measured shifts in channel activation voltage
following their apparent disruption through papain
treatment (Bennett, 2001). Here, several biophysical
gating parameters of hSkM1 and hH1 and the six
chimeras shown in Fig. 1 (four single-loop chimeras
and two double-loop chimeras) are characterized in
the absence of papain to determine the direct iso-
form-specific effect(s) of these cytoplasmic loops on
channel function. This is done in an effort to glean a
mechanism by which these cytoplasmic loops con-
tribute to channel function in an isoform-specific
manner.

Figure 24 shows examples of whole-cell current
traces from cells transfected with the two wild-type
channels, Na,; 4 (hSkM1) and Na,; s (hH1), as well
as the two double-loop chimeras, hSkM1AB, and

159

hH1

®
| ]
A
v

hH1B

e ®

Q

£ 1.00 2 1.00
£ 8

Q

3 075 8 ors
2 2

o ] |
g 0.50 g 050
-] o

8 0251 ® hSkmi & o025
= ®m  hSkM1AB N

] A  hSKM1A o

g 000 1 v  hSKkM1B g 0.00
Z 2

-80 -60 -40 -20 0 20 40

Membrane potential (mV)

ance + SEM at a membrane potential. Curves are fits of the data to
single Boltzmann distributions. Left panel: G-V for hSkMI,
hSkM1A, hSkMI1B, and hSkMI1AB. Circles: hSkM1; triangles:
hSkMI1A; inverted triangles: hNSkM1B; squares: hNSkKM1AB. n = 9
for each set of data. Right Panel: G-V for hH1, hH1A, hHIB, and
hH1AB. Circles: hH1 (n = 13); triangles: hHIA (n = 8); Inverted
triangles: hH1B (n = 9); squares: hH1AB (n = 7).

hH1AB. All constructs tested produced nano-
ampere-level Na ™ currents with activation and fast
inactivation rates within the normal range. Figure 28
compares the conductance voltage (G-V) relation-
ships for hSkM1 and its chimeras (left panel), and for
hHI1 and its chimeras (right panel). Note that when
either cardiac channel loop A or B is attached to
hSkM1 (chimeras, hSkM1A and hSkM1B), similar
6—7 mV depolarizing shifts in ¥, are measured, with a
nearly 20 mV depolarization in V, observed when
both cardiac channel loops are attached (hRSkM1AB).
The addition of skeletal muscle channel loops to hH1
causes a hyperpolarization in V,, shifting by about 7
mV for each single-loop chimera and by about 10 mV
for the double-loop chimera. Together the data sug-
gest that, for a given isoform, loops A and B each
contribute similarly to the effect on channel activa-
tion voltage. In addition, the data indicate that for a
given construct (i.e., for hNSkM1 or for hH1), channels
containing one or both of the cardiac channel cyto-
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Fig. 3. The effect of a specific cytoplasmic loop(s) on the rate of
fast inactivation mimics its effect on channel activation voltage.
Time constants of inactivation (t,) as a function of membrane
potential. Data are the average time constants of inactivation +
SEM. (A4) 1, for hSkM1, hSkM1A, hSkM1B, and hSkM1AB. Cir-
cles: hSkM1; triangles: hSKMI1A, inverted triangles: hSKMIB;
squares: hASkM1AB. n = 9 for each set of data. Lines represent
point-to-point curves of the chimera data “‘shifted” by 6-19 mV in
the hyperpolarized direction along the voltage axis. The magnitude
of the imposed shift was determined by the shift in V, measured in
Fig. 2. Long dash: hNSkM1A shifted 6.8 mV. dots: hSkM1B shifted
6.3 mV; dash-dot-dot: hNSKM1AB shifted 19.4 mV. (B) 1, for hH1,
hHIA, hH1B, and hH1AB. Circles: hH1 (n = 13); triangles: hnH1A
(n = 8); inverted triangles: hH1B (n = 9); squares: hnH1AB (n = 7).
Lines represent point-to-point curves of the chimera data “shifted”
by 7-10 mV in the depolarized direction along the voltage axis. The
magnitude of the imposed shift was determined by the shift in V,
measured in Fig. 2. Long dash: hH1A shifted 7.4 mV; dots: hH1B
shifted 6.8 mV; dash-dot-dot: hH1AB shifted 10.1 mV.

plasmic loops activate only following greater depo-
larizations, while lesser depolarizations are required
to activate channels containing one or both of the
skeletal muscle channel cytoplasmic loops. Note
also that the slopes of the G-V relationships for
the chimeras are not significantly different from the
wild-type slopes. The average activation voltages and
slope factors, as well as the average values + sEm for
each gating parameter discussed here are listed in
Table 1.
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Loor-DEPENDENT SHIFTS IN INACTIVATION TIME
CONSTANTS ARE CONSISTENT IN DIRECTION AND
MAGNITUDE WITH THE MEASURED SHIFTS IN CHANNEL
ACTIVATION VOLTAGE

Figure 34 plots the measured time constants of in-
activation (t,) as a function of membrane potential
for hSkM1 versus its three chimeras. Note that in-
activation times are shifted to the right for all three
chimeras, with hSKM1AB shifted more than either
single-loop chimera.

Figure 3B shows T, as a function of membrane
potential for hH1 versus its three chimeras. Note here
that the three chimeras are shifted to the left, with
hH1AB shifted more than either single-loop chimera.

The curves shown in both figure panels reflect a
shift of chimera data along the voltage axis of the
same magnitude as the shifts in chimera V, measured
in Fig. 2 (compared to wild-type V,). Note that for
all six chimeras, this imposed linear shift along the
voltage axis produces curves that nearly overlay wild-
type data, indicating that the measured differences in
T, with changing cytoplasmic loops mimic the shifts
in channel activation voltage measured. As described
in the Discussion section, it is likely that measured
shifts in 1, are due to a redistribution of channels
between the closed and open states, resulting from the
direct and isoform-specific effect of DI-II and/or DII-
DIII linkers on channel activation voltage. That is, as
shown in Fig. 2 above, the linker species directly
alters activation voltage. This will change the per-
centage of channels in the open state at a single
membrane potential. The percentage of open chan-
nels will directly affect the rate of transition from
active to inactive channels through the process of
mass action, and thus a change in 1, may be meas-
ured with no direct effect on the inactivation process.
This suggested indirect effect on the rate of channel
inactivation is corroborated by the data shown in
Figs 4-6 that show no direct isoform-specific loop
effect on other gating parameters.

STEADY-STATE INACTIVATION Is UNAFFECTED BY
SwapPPING CyToprLASMIC Looprs

To determine more directly whether the species of
cytoplasmic loop(s) affects the distribution of chan-
nels between states other than the closed to open
distribution (as indicated by shifts in V/,), steady-state
inactivation curves were measured for each con-
struct. Figures 44 and 4B reflect the fraction of
channels that remain available for activation fol-
lowing a 500 ms prepulse depolarization of varying
magnitude. Note that while hSkM1 and hHI1 have
different half-inactivation voltages (V;; ~—56 and
~—65 mV for hSkM1 and hH1, respectively-see Ta-
ble 1), the replacement of one isoform’s cytoplasmic
loops with loops from the other isoform has no sig-
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Fig. 4. The species of cytoplasmic loop does not affect steady state
inactivation. Steady-state inactivation (/;,s). Data are the average
normalized current + SEm measured during a 5 ms pulse to + 60
mV following a 500 ms prepulse to the plotted potentials. Curves
are fits of the data to single Boltzmann distributions. (4) /A, for
hSkM1, hSkM1A, hSkM1B, and hSkM1AB. Circles: hSkM1; tri-
angles: hNSKM1A; inverted triangles: hSkM 1B, squares: hSkM1AB.
n = 9 for each set of data. (B) hy,r for hH1, hH1A, hHIB, and
hH1AB. Circles: hHI (n = 13); triangles: hHIA (n = 8); inverted
triangles: hHIB (n = 9); squares: hHIAB (n = 7).

nificant effect on the availability curves. These data
indicate that the distribution of channels into the
inactivated state is not affected differently by the
various species of cytoplasmic loop(s) studied here.

THE RATE AND VOLTAGE DEPENDENCE OF RECOVERY
FROM FAST INACTIVATION ARE NOT ALTERED BY
CHANGING CyTorLasMmiIc Looprs

To test the possibility that the distribution of chan-
nels back into the closed state from the inactivat-
ed state (i.e., recovery from fast inactivation) is
dependent directly on the species of cytoplasmic
loop(s) attached to the channel, the rate of recovery
from inactivation was measured for hSkM1, hH1,
and both double-loop chimeras. Figures 54 and 5B
show the fractional current measured during the
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Fig. 5. Swapping cytoplasmic loop does not alter the time to re-
covery from inactivation at —120 mV. Recovery from inactivation
at a —120 mV recovery potential. Data represent the average
fractional current = sEm measured following a —120 mV recovery
potential of varied duration, ranging from 1 to 20 msec. Curves are
fits of the data to single exponential functions. (4) Fractional
current as a function of recovery time for hSkMI1, hSkKMIA,
hSkMI1B, and hSkMI1AB. Circles: hSkMI; triangles: hSKMI1A;
inverted triangles: hSkM1B; squares: hNSKM1AB. n = 9 for each set
of data. (B) Fractional current as a function of recovery time for
hH1, hH1A, hHIB, and hH1AB. Circles: hH1 (n = 13); triangles:
hH1A (n = 8); inverted triangles: hHIB (n = 9); squares: hHIAB
n="7).

second test pulse of a twin pulse protocol, in which
the second pulse follows the first test pulse by in-
creasing times ranging from 1 to 20 ms, holding the
potential at a —120 mV between pulses. Note that
while the time constants for recovery from inactiva-
tion (1) for hSkMI1 constructs are significantly
faster than 1, for hH1 constructs (~0.9 and ~2.9 ms
for hSkM1 and hHI, respectively), the double-loop
chimeras show 1, nearly identical to their wild-type
counterparts at the —120 mV recovery potential.
The 1. as a function of recovery potential were
then measured for hSkM1, hH1, and the two double-
loop chimeras, as shown in Fig. 6. The data show that
while hSkM1 and hH1 have distinct recovery profiles,
Tec as a function of recovery potential for each
double-loop chimera mimics the T, of its wild-type
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Fig. 6. The potential dependence of T, is not dependent on the
species of cytoplasmic loops. Data are t,.. measured at the plotted
recovery potentials, determined by fitting data similar to that
shown in Fig. 5 to single-exponential functions, as described in the
Methods section. Curves are non-theoretical, point-to-point. Filled
Circles: hNSkM1 (n = 9); empty circles: hNSKM1AB (n = 9); filled
squares: hH1 (n = 13); empty squares: hnH1AB (n = 7).

counterpart. Thus, the cytoplasmic loops A and B do
not seem to impose any direct, isoform-specific effect
on the recovery from inactivation, either in rate of
recovery or in its potential dependence.

THE CyTorLasMIC Loors CONTRIBUTE DIRECTLY TO
THE SIZE OF THE WINDOW CURRENT

The combined distribution of channels between the
open and inactivated states at a membrane potential
affects the percentage of channels that are persistently
active. This distribution can be represented graphi-
cally by overlapping G-V and steady-state inactiva-
tion curves as shown in Fig. 7, and is referred to as
the “window current” (Attwell et al., 1979). Figure
74 plots the G-V and h;,¢ curves for hSkM1 and its
chimeras (top panel), while the bottom panel shows
the steady-state curves for hH1 and its chimeras.
Note that a difference in window current among
channel constructs is predicted, albeit difficult to as-
sess quantitatively. Thus, Fig. 7B shows magnified
versions of these G-V and /;,¢ curves. The bell-shaped
curves on these figures are the product of the G-1" and
hins Boltzmann distributions (product of Eqs. 1 and 2)
and they represent predicted persistent channel ac-
tivity (conductance) (see Rugiero et al., 2003 for de-
tails). Note that constructs containing one or both
of the hSkMI linker loops have markedly larger
predicted persistent activation. The predicted peak
persistent activation is represented graphically in Fig.
7C. Constructs that contain both hSkM1 loops
(hSkM1 and hH1AB) are predicted to have more
than three times the peak persistent activity than
those that contain both hHI loops, with absolute
values ranging from 0.4% (hH1, hSkM1AB) to 1.2%
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(hSkM1, hH1AB) of the peak conductance. Data
corroborate these predictions. At small depolariza-
tions, constructs containing the hSkM1 cytoplasmic
loops maintained 2-3 times more residual current at
the end of a 10 ms test depolarization than did the
constructs containing hH1 loops (data not shown).
These data indicate that the species of cytoplasmic
linker attached to a channel alters the window current
for that construct, and thus directly affects the per-
centage of persistently active channels, which may
have a significant impact on resting membrane po-
tential and the overall excitability of the cell.

CHANGES IN INTERNAL IONIC STRENGTH VERIFY
THAT LooP-SPECIFIC CONTRIBUTIONS TO AN INTERNAL
SURFACE POTENTIAL CAN NOT ACCOUNT FOR
Loop-speciFic EFFECTS ON V),

The data shown above indicate that only channel
activation voltage is differently impacted by the spe-
cies of cytoplasmic loop(s) A and/or B that is at-
tached to the channel, such that channels containing
skeletal muscle channel loops A and/or B activate at
more hyperpolarized potentials than channels that
contain cardiac channel loops A and/or B. There is
a possibility that the isoform-specific changes in
channel activation voltage are caused by differences
among these cytoplasmic loops in their contribution
to an internal surface potential.

It is established that channel activation voltage is
partially dependent on a certain set of internal (as well
as external) charges aligned near the membrane sur-
face that impose some effect on the electric field sensed
by the gating mechanism of the channel (Cukierman
et al., 1988; Chabala et al., 1991; Cukierman, 1991;
Cukierman and Krueger, 1991). The charged amino-
acid residues within the hH1 and hSkM 1 cytoplasmic
loops may contribute to this internal surface poten-
tial, and differences among the loops in the number
and location of charged amino acids that contribute
to a surface charge would produce varying surface
potentials. As such, we set out to test the hypothesis
that the isoform-specific direct effect of the cytoplas-
mic loops on channel activation voltage is caused by
loop-specific differences in internal surface potential.

The G-V relationships were determined for
hSkM1, hH1, and each double-loop chimera under
high and lower intracellular ionic strength. With the
lowered ionic strength, screening of internal surface
charges should be minimized, and the effect of any
internal surface potential on channel activation volt-
age should be greater, measured as a shift in channel
activation voltage. If there are differences in the
surface potential produced by the different cytoplas-
mic loops, then the shifts in V7, with changing internal
ionic strength should vary among the constructs.
Figure 8 shows that for all four constructs, increasing
ionic strength causes a similar 811 mV hyperpolar-
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Fig. 7. The magnitude of the window current is dependent con-
sistently on the species of cytoplasmic loop. Panel A: Boltzmann
distributions of steady-state activation (G-V) and inactivation
curves (/) for all tested constructs. Top: hSKMI (solid line),
hSKkMI1A (long dash), hSKMIB (medium dash), and hSkKMI1AB
(dots). Bottom: hH1 (dots), hH1A (long dash), hH1B (medium dash),
and hH1AB (solid line). Panel B: Persistent channel activity. Upper
curves in each panel are the G-V and /A, curves for all tested
constructs. Bell-shaped curves represent the product of the acti-
vation and inactivation Boltzmann distributions, and indicate the

izing shift in channel V,. Given the very similar shifts
in ¥, with changing ionic strength among the con-
structs, one can conclude that differences in surface
potential produced by the different cytoplasmic loops
can not account for the much larger (nearly 20 mV),
direct, isoform-specific effects of these loops on
channel activation voltage.

Discussion

ONLY ACTIVATION VOLTAGE 1S DIRECTLY ALTERED
IN AN ISOFORM-SPECIFIC MANNER BY THE
STRUCTURALLY DI1vERGENT DI-DII aAnD DII-DIII
LINKERS

Figures 26 illustrate that the species of cytoplasmic
loop(s) A and/or B attached to either the cardiac or
skeletal muscle sodium channel directly affects only
channel activation voltage. As shown in Fig. 2,
channels containing cardiac channel loop(s) A and/or
B activate at potentials more positive than do chan-
nels containing skeletal muscle channel loop(s) A
and/or B. Interestingly, as shown in Fig. 2 and

100
SOJ
a

hH1 hH1A hHiB  hH1AB

-0 40 -20 o

Peak persistent activity (% control)

Membrane potential (mV)

persistent channel activity (Rugiero et al., 2003). Top: hNSkM1 (solid
line), A\SKM1A (long dash), hNSKM 1B (medium dash), and hNSkKM1AB
(dots). Bottom: hH1 (dots), hH1A (long dash), hH1B (medium dash),
and hHI1AB (solid line). Panel C: Peak persistent activity. Bars
represent the peak persistent activity calculated from the bell-
shaped curves shown in Panel B and normalized to wild-type peak
persistent activity (hSkM1: rop; hHI1: bottom). Top: hSkMI,
hSkM1A, hSkM1B, and hSkM1AB. Bottom: hH1, hHIA, hH1B,
and hH1AB.

quantified in Table 1, there is no significant difference
in the Boltzmann slope factor (K,) with changing
cytoplasmic loop. Thus, the data consistently indicate
some direct, isoform-specific effect of these cytoplas-
mic loops on channel activation voltage that pro-
duces a linear shift along the voltage axis. Given this
shift along the voltage-axis, it is not unreasonable to
expect isoform-specific effects on other voltage-de-
pendent gating parameters.

Of the other gating parameters measured, only
the rate at which a channel inactivates showed any
significant dependence on the species of cytoplasmic
loop(s) (see Fig. 3). However, the measured loop-
specific shifts in 1}, appear to be indirect, likely caused
by the kinetic coupling between active and inactive
channel states. Such an indirect effect is indicated for
several reasons: 1) The effect of changing loops on
inactivation rates is nearly identical, both in direction
and in voltage dependence, to the effect of these loops
on channel activation voltage (compare Figs. 2 and
3). 2) The loop species has no isoform-specific effect
on steady-state inactivation (channel availability, see
Fig. 4). 3) The loop species has no isoform-specific
effect on the time or voltage dependence of recovery
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Fig. 8. Isoform-specific effects of cytoplasmic loops on channel
activation voltage can not be explained through an electrostatic
mechanism. G-V relationships for hSkM1, hSkM1AB, hHI, and
hH1AB measured under conditions of lower (filled circles: number
of samples as listed in Fig. 2) and high (filled squares: n = 7 for all
constructs) internal ionic strength. Internal and external Na™

from inactivation (Figs. 5 and 6). 4) There is no in-
dication that the loop species differently affects other
gating parameters such as closed-state inactivation.
The data shown in the availability curves of Fig. 4 are
consistent with all channels being fully available for
activation at the —100 mV holding potential.

Thus, the data indicate that there is not a direct,
isoform-specific effect of cytoplasmic loops on inac-
tivation rates. Rather, this measured shift in channel
inactivation rate with changing loop(s) can be ex-
plained by a redistribution of channels into or from
the open state. The transition rate from the open to
the inactivated state is kinetically coupled to other
channel state transitions. When the density of chan-
nels in the open state is altered, the measured rate of
transition from the open to the inactivated state will
be affected similarly. The data shown in Fig. 2 indi-
cate that the cytoplasmic loop species attached to
the channel directly affects channel V,. Channel V,
reflects the distribution of channels in the open state
as a function of membrane potential. Because V,
shifts depending on the identity of the cytoplasmic
loop(s), the percentage (density) of channels in the
open state at a given membrane potential is loop-
dependent. Thus, the rate of transition into the in-
activated state from the open state subsequently will
be altered similarly. This is illustrated by the curves

concentrations were constant. Lower ionic strength is as listed in
the Methods section. For the higher ionic strength solution, 60 mm
CsCl replaced 120 mMm sucrose. Data are the mean £ SEM con-
ductance at a membrane potential. Curves are fits of the data to
single Boltzmann distributions.

drawn in Fig. 3, which represent a shift in 1, that is
very similar to the shift in ¥, measured in Fig. 2,
indicating that there is no direct, isoform-specific
effect of these cytoplasmic loops on Ty,.

Together, the data shown in Figs. 2—6 suggest that
only channel activation voltageis directly altered by the
cytoplasmic loop(s) A and/or B that is attached to the
channel. This is quite novel. Nearly all previous data
assign roles for the cytoplasmic portions of the channel
in inactivation mechanisms, both fast and slow, as well
as effects on surface expression, generally caused by
posttranslational modifications made to these cyto-
plasmic structures (see, for e.g., Wieland et al., 1996;
Frohnwieser et al, 1997; Smith and Goldin, 2000;
Alekov et al., 2001; Wan et al., 2001; Deschenes et al.,
2002). This report serves to indicate yet an additional
effect of the cytoplasmic channel structures on channel
function: specific, differential, and direct effects of the
cytoplasmic loops on channel activation voltage.

THE MAGNITUDE OF THE WINDOW CURRENT IS
Loopr-spEciFic—THIs wiLL LIKELY IMPACT THE
RESTING MEMBRANE POTENTIAL OF THE

CELL AND ITS OVERALL EXCITABILITY

Further, the data indicate that the effect of cyto-
plasmic loops on channel V, is isoform-specific, with
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cardiac channel loops shifting activation voltage in
the depolarized direction, and skeletal muscle channel
loops shifting activation voltage in the hyperpolar-
ized direction. The relevance of this finding is signif-
icant. It indicates that although these loop structures
among isoforms are not well conserved, only one
gating parameter, channel activation voltage, is al-
tered directly and differently by these divergent loop
structures. Physiologically, this may have a major
impact on the overall excitability of the cell. As
shown in Fig. 7, the window current, which indicates
the level and voltage-distribution of persistently ac-
tive channels, is directly altered by which linker spe-
cies (loops A and/or B) is/are attached to a channel.
That is, the data suggest that channels containing
skeletal muscle channel linkers have more than three
times the peak persistent activation than do con-
structs that contain cardiac channel linkers. This
apparent three-fold increase in persistent activity may
affect the ability of the cell to fire action potentials.
There are several reports which indicate that point
mutations of SCN1A and SCNS5A localized to puta-
tively cytoplasmic regions of the channels cause small
increases in the magnitude of the window current that
produce tiny increases in persistent sodium current
(on the order of a 1% increase, similar to the isoform-
specific difference in peak persistent activity observed
here). This persistent sodium current may be solely
responsible for such maladies as epilepsy and ar-
rhythmias (LQTS) (Wang et al., 1996; Abriel et al.,
2001; Lossin et al., 2002; Splawski et al., 2002;
Spampanato et al., 2003). These reports indicate the
vital need for a delicate balance between the voltage
dependencies of sodium channel activation and in-
activation, and the rather significant impact of slight
changes to this balance on the excitability of the af-
fected tissue. Here, the data indicate that the struc-
turally divergent DI-DII and DII-DIII linkers alter
only the window current in an isoform-specific
manner. This suggests a rather elaborate and novel
mechanism by which isoform-specific sodium channel
activation voltages, and thus window currents, are
created and thereby impact the ability of the cell to
fire an action potential.

WHAT ARE THE POSSIBLE MECHANISMS, AND ARE
THEY PLAUSIBLE?

There must be structural differences among the loops
of these two channel isoforms that directly and dif-
ferently alter only channel activation voltage, and
thus impact the overall excitability of the cell by
changing the size of the window current. But, what
are these structural differences, and by what mecha-
nism do they impose this loop-specific effect only on
channel activation voltage?

We begin this analysis by discussing three possi-
ble mechanisms: 1) an electrostatic mechanism, in
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which the isoform-specific loops contribute differ-
ently to an internal surface potential, 2) differential
phosphorylation, and 3) isoform-specific interactions
of the cytoplasmic loops with the cytoskeleton or
some other yet to be determined cytoplasmic protein
(or the channel itself) that leads to isoform-specific
differences in channel activation voltage. Any or all
of these mechanisms are possible. We have described
a phenomenon in which two different cytoplasmic
loops from a single isoform (loops A and B) have
seemingly similar effects on channel activation volt-
age. However, there is no reason a priori that the
mechanisms by which both cytoplasmic loops alter
channel activation voltage must be identical. What
follows is a description of each of these possible
mechanisms and of the data gathered here and in
previous work that allows one to exclude possible
mechanisms.

AN ELECTROSTATIC MECHANISM CAN NOT ACCOUNT
FOR THE ISOFORM-SPECIFIC EFFECT OF CYTOPLASMIC
Looprs ON ACTIVATION VOLTAGE

It is possible that the loop- and isoform-specific ef-
fects on channel V, observed here is caused by dif-
ferential contributions of the various cytoplasmic
loops to an internal surface potential. Each loop may
contribute charges to an overall surface potential that
alters the electric field sensed by the channel gating
mechanism. If the contribution to this surface po-
tential is loop-specific, then the activation voltage
would be somewhat dependent on the species of loop
attached to the channel (i.e., an electrostatic mecha-
nism).

Previous studies indicated the presence of an in-
ternal surface potential that alters channel activation
voltage (Cukierman et al., 1988; Chabala et al., 1991;
Cukierman, 1991; Cukierman & Krueger, 1991). One
can screen effectively the contribution of these char-
ges to a surface potential by using increasing internal
divalent ion concentrations or ionic strength, typi-
cally producing a measured hyperpolarizing shift in
channel activation voltage.

Here, we sought to question directly whether
differences in internal surface potential between car-
diac and skeletal muscle channel cytoplasmic loops
might be responsible for the different activation vol-
tages measured in Fig. 2. Because the data shown in
Figs. 4-6 do not show similar shifts in other voltage-
dependent parameters, one might rule out such an
electrostatic mechanism, especially since previous
studies of external surface potential on sodium
channel function showed similar shifts in all voltage-
dependent parameters with changes in external sur-
face potential (Hahin and Campbell, 1983; Bennett et
al., 1997; Bennett, 2002). However, the lack of a
consistent shift in all voltage-dependent parameters is
not adequate to rule out the possibility that the
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electric field sensed by a particular gating mechanism
is altered by changes in surface potential. In fact,
others have concluded that non-uniform shifts in
voltage-dependent gating parameters might be ex-
plained through an electrostatic mechanism
(Frankenhauser and Hodgkin, 1957; Zhang et al,
1999; Tyrrell et al., 2001). Thus, direct measurement
of the effects of changing internal surface potential
among constructs should indicate whether the dif-
ferent loops impose functionally relevant changes
in internal surface potential. As shown in Fig. 8,
increasing the internal ionic strength produces a
hyperpolarizing shift in the V, for all constructs, in-
dicating a screening of an internal negative surface
potential with increasing internal ionic strength.

If there is a functionally relevant difference
among the cytoplasmic loops in the relative contri-
bution each makes to this internal surface potential,
then one would predict that the changes in internal
ionic strength would show isoform-specific shifts in
channel V,. As shown in Fig. 8, the V, for each
construct shifts in the hyperpolarized direction by
8-11 mV following the increase in internal ionic
strength. This indicates that there is no significant
difference among the constructs in their contribution
to an internal surface potential, and thus, an elec-
trostatic mechanism can not account for the much
larger differences in V, (up to nearly 20 mV) observed
among specific cytoplasmic loops.

IT Is UNLIKELY THAT ISOFORM-SPECIFIC DIFFERENTIAL
PHOSPHORYLATION OF THE CyTOoPLASMIC Looprs CAN
ACCOUNT FOR THE MEASURED CHANGES IN CHANNEL
ACTIVATION VOLTAGE

While the full extent of phosphorylation of hSkM1
and hHI1 is not yet known, most data indicate that the
loop joining domain I to II (loop A) tends to be
heavily, and differently (between hSkM1 and hHI1)
phosphorylated, while loop B, joining domain II to
III is only slightly, or not at all phosphorylated (for
reviews, see Catterall, 1997; Rossie, 1999; Schreibm-
ayer, 1999). This difference between loop A and loop
B in levels of phosphorylation in concert with the
data presented here, which indicate nearly equivalent
contributions by each loop on V,, suggests that
differences in phosphorylation between hH1 and
hSkM1 may not explain the isoform-specific effects
on channel activation voltage observed here.

Many studies have questioned the isoform-
specific role of phosphorylation in sodium channel
function, looking at the direct effects of protein kin-
ase A (PKA) and protein kinase C (PKC) phos-
phorylation as well as the indirect effects of G protein
and cAMP activation on channel function in addition
to other kinase or phosphatase activity (Sorbera &
Morad, 1991; Matsuda et al., 1992; Bendahhou et al.,
1995; Catterall, 1997, Chahine & George, 1997,
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Frohnwieser et al., 1997, Desaphy, DelLuca &
Camerino, 1998; Lu et al., 1999; Rossie, 1999;
Schreibmayer, 1999; Patel et al., 2000; Ratcliffe et al.,
2000; Deschenes et al., 2002). Most reports show an
increase or decrease in peak sodium current, con-
sistent with an increase or decrease in channel surface
density. Some reports indicate a slight change in
channel inactivation, either in the kinetics, or steady
state, or both. However, all data indicate that such
phosphorylation has no effect on the voltage de-
pendence of channel activation. Directly to the point
at hand, one report compared the effects of PKA
phosphorylation of rat Na,; 4 and human Na, 5 as
well as several chimeras of the two isoforms in which
permutations of channel domain combinations were
assembled into novel channel constructs. The acti-
vation voltages among these constructs were unaf-
fected by phosphorylation (Frohnwieser et al., 1997).
While one can not explicitly rule out the possibility
that some novel kinase may cause differential phos-
phorylation of sodium channel cytoplasmic loops
that is responsible for the measured shifts in V,,
studies of kinase effects on sodium channel function
to date all indicate that it is unlikely that these dif-
ferences in phosphorylation can account for the
measured shifts in channel V.

MIGHT ISOFORM-SPECIFIC INTERACTIONS WITH
CyTOPLASMIC PROTEINS ACCOUNT FOR THE
LooP-DEPENDENT SHIFTS IN CHANNEL
ACTIVATION VOLTAGE?

Another possible mechanism by which isoform-spe-
cific loops might impose differing effects on channel
activation voltage could be through differential in-
teraction of the loops with the cytoskeleton or other
proteins. For example, if the cardiac channel loops
interact with the cytoskeleton such that the activation
gating mechanism lies at some point in the electric
field, then the channel will activate following a given
depolarization due in part to this interaction with the
cytoskeleton. If this interaction is altered, perhaps
broken through papain treatment, or altered through
interaction of the cytoskeleton with a different cyto-
plasmic loop, then the impact of this interaction on
the channel gating mechanism might be either absent
or altered, setting the gating mechanism to a different
position within the electric field, thus causing the
channel to activate at a different depolarization.
This scenario might explain the isoform-specific
differences in function imposed by the cardiac versus
skeletal muscle channel loops. However, the data
gathered to question the role of the cytoskeleton on
sodium channel function, while limited, indicate that
this is unlikely. Reports using cytochalasin D to
disrupt F-actin polymerization indicate that there is
no significant effect on cardiac or skeletal muscle
sodium channel activation voltage (Undrovinas,
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Shander & Makielski, 1995; Maltsev & Undrovinas,
1997; Moran et al, 2000). Only when a microtubule
stabilizer, taxol, is used, did one study report a
hyperpolarizing shift in cardiac channel activation
voltage (Maltsev & Undrovinas, 1997). This shift
was small, and, in fact, in the opposite direction as
one would predict, assuming that differential inter-
action with the cytoskeleton is the mechanism re-
sponsible for the measured shift in channel
activation voltage reported here.

While previous data indicate that typical cyto-
skeletal elements are not responsible for these loop-
dependent activation voltages, detailed studies of
more cytoskeletal elements in this system are needed
to confirm or rule out a cytoskeleton-sodium channel
loop interaction that directly alters channel V,. In
addition to differential interactions of the loops with
cytoskeletal elements, it is intriguing to suggest that
these loops may interact with some other protein (or
perhaps the channel protein itself). The exact species
of putative proteins with which these loops may in-
teract is not yet known, but is the focus of future
studies. Much remains to be done in order to deter-
mine the exact mechanism and structures responsible
for this novel phenomenon, in which certain struc-
turally divergent sodium channel cytoplasmic loops
directly alter only channel activation voltage in an
isoform-specific manner. This isoform-specific change
in activation voltage leads to an apparent change in
persistent channel activity that may directly affect the
ability of the cell to fire action potentials.

This work was supported in part by grants from the American
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