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The Effects of Carboxyl-Group Specific Modification and Triiodo-L-Thyronine on Cardiac
Sodium Channels

ABSTRACT

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at the Medical College of Virginia, Virginia Commonwealth University

Samuel Calvert Dudley, Jr., M.D.

Adpvisor: Clive Marc Baumgarten, Ph.D.

The patch clamp method was used to evaluate the effects of 3,5,3’-triiodo-
L-thyronine (T3) and carboxyl modification on adult rabbit ventricular Na* channels. In
contrast to TTX-sensitive Nat channels, Ca2* block of cardiac Na‘* channels was not
prevented by selective carboxyl modification by trimethyloxonium (TMQ) or water soluble
carbodiimide (WSC). In 2 mM Ca?*, TMO-treated patches exhibited 3 discrete conductance
(7n,) levels. An abbreviation of mean open time (MOT) accompanied each decrease in yy,.
The effects on channel gating of elevating external Ca%* differed from those of TMO pre-
treatment. Ensemble averages after TMO showed a shortening of the time to peak current and
an acceleration of the rate of current decay. WSC caused a decrease in 7y, and an abbrev-
iation of MOT at all potentials tested. We conclude that alteration of the surface potential by
asingle carboxyl modification is inadequate to explain the effects of TMO and WSC. Physio-
logical concentrations of T, increased bursting as measured by the ratio of long events (LE)
to the total number of events. In the cell-attached patch configuration, addition of 5 nM T,
to the pipette increased the %LE at all potentials examined. The increase had a biphasic
voltage-dependence and peaked at -50 mV. A similar increase in the %LE occurred with
50 nM T, suggesting saturation at < 5 nM. LEs sometimes were grouped into runs, but the
more usual pattern suggested that modal shifts occurred in ~1 s. Addition of Ty to the bath

but not the pipette in cell-attached patches failed to alter the MOT, unitary current, or %LE.



Na* channel gating also was unaffected by patch excision or by addition of T, to the cyto-
plasmic face of inside-out patches. Nevertheless, with T in the pipette, patch excision to the
inside-out configuration caused a dramatic increase in the %LE, especially near the threshold
potential, and an increase in the MOT. These results suggested that T; was not membrane
permeable during the time scale of the experiments and that T,’s action required close

proximity to the extracellular face of the Na* channel.



CHAPTER 1

INTRODUCTION



This section contains a brief discussion of a current model of the tertiary structure of
voltage-gated Na* channels. Also, an overview of some of the theory and practice associated
with recording currents from single ion channels is provided. For a more comprehensive
discussion of the techniques and utility of single channel recording, the reader is referred to
several recent reviews (Sakmann and Neher, 1983; Hille, 1984; Sakmann and Neher, 1984).

These concepts form the bases for the analysis presented in Chapters 2 and 3.

Sodium Channels

By examining the presence of voltage-gated channels in different organisms, Hille
(1984) speculated that these channels arose with the transition from prokaryotic to eukaryotic
organisms. In eukaryotic organisms, the cell membrane is free from the maintenance of the
proton-motive force, and gradients of other alkali and alkali earth metals can be exploited for
information transfer. Hille reasoned that since the voltage-gated Ca%* channel has a pivotal
role in translating information carried by the cell membrane into cellular actions and is found
in every excitable cell, this channel must have developed first. Under the pressure to
communicate information rapidly over large distances in multicellular organisms, the Na*
channel developed from the Ca?* channel. The evolution of a Na* channel allows for a

separation of the transduction and translation of information.

Along the same lines of reasoning, the development of diverse types of Ca®* and K*
channels (Tsien et al., 1987; Yellen, 1987) may have resulted from the needs of different
tissues to modulate their cell membrane information content. However, since the information
transmitted by an action potential in nerve and skeletal muscle was encoded as a function of
time only, early investigators (e.g., Bishop, 1965) suggested that there should be only one type
of Na* channel. The first evidence that there may be Na*' channel subtypes came from
pharmacological studies with the guanidinium neurotoxins, saxitoxin (STX) and

tetrodotoxin (TTX). STX and TTX have a much lower affinity for cardiac and denervated



skeletal muscle Na* channels than for nerve or innervated skeletal muscle Na*t channels (see
Barchi, 1988; Trimmer and Agnew, 1989; Fozzard and Hanck, 1991). Na* channels from
brain and skeletal muscle, which are both sensitive to guanidinium toxins, differ in their
binding affinities to u-conotoxin, a polypeptide toxin isolated from sea snails (Moczydlowski
et al.,, 1986a). Mammalian cardiac channels are more sensitive than nerve Na* channels to sea
anemone toxins (Renaud et al., 1986) and lidocaine (Krafte et al., 1990). Other evidence
supporting subtypes of the Na* channel comes from biophysical measurements. When
compared under identical conditions, the cardiac and nerve Na* channels have different

conductances and gating properties (Baumgarten et al., 1991).

The development of molecular biological techniques confirmed the existence of a Na*
channel multigene family with at least three isoforms in brain (Noda et al., 1986; Auld et al.,
1988; Kayano et al., 1988), one in skeletal muscle (Trimmer et al., 1989), and one in neonatal
cardiac muscle (Rogart et al., 1989). The primary subunits of the Na* channels have a high
degree of homology with the sequences of Ca®* channels (Tanabe et al., 1987; Mikami et al.,
1989). Both channel types consist of ~2000 amino acid residues and have four homologous
repeating domains. The K* channel appears to consist of a tetramer in which each of the

protein subunits is homologous with one of the four repeats in the Na* or Ca?* channels.

Based on the primary sequence of the Na* channel and the recent biophysical data,
Guy and Conti (1990) have refined a model of the Na‘* channel’s tertiary structure first
proposed by Noda et al. (1986). Guy and Conti advance a model that has six membra.ne
spanning a-helices in each repeat. Two of the helices are without charged amino acids (S5
and S6), and four are amphipathic having some charged residues (S1-S4). The S4 segment has
a positively charged residue in every third position of the helix. These charges are thought
to constitute the voltage sensor. There are several lines of evidence to suggest that the
segments between S5 and S6, known as SS1 and SS2, fold into the center of the protein and

form the selectivity filter (see Stevens, 1991). As shown in Figure 1, the current Na* channel



model consists of three concentric transmembrane cylinders. The external cylinder is
comprised of S1, S2, S3, and S5 a-helices from the four repeats. The middle cylinder contains
the SS1 and S6 helices. In the closed state, the central cylinder is tightly packed with an S4
segment a-helix. In the open state the ion permeation pathway is formed by the SS2 and S4
segments arranged as an antiparallel §-barrel. Opening of the channel involves a complicated
movement and rearrangement of the S4 segment. Finally, inactivation seems to involve amino
acids in a cytoplasmic domain between repeats Il and IV (Stuhmer et al., 1989). This region
has a net positive charge and may move in behind the ion permeation pathway to block

conduction.

In 1949, Hodgkin and Katz and Hodgkin et al. proposed that an increase in sodium
conductance was responsible for the upstroke of the action potential in squid giant axon.
Similar results were subsequently obtained in frog sartorius muscle (Nastuk and Hodgkin,
1950), frog sciatic nerve (Huxley and Stampfli, 1951), and dog and kid Purkinje fibers
(Draper and Weidmann, 1951). The identity of the current responsible for the upstroke of the
action potential was confirmed by Hodgkin and Huxley (1952a and b) using the voltage-clamp
method. In this dissertation, single channel recording techniques are used to investigate the
effects of chemical modification of carboxyl groups and of triiodo-L-thyronine (T3) on
cardiac Na* channels from acutely isolated rabbit ventricular cells. The results of these
experiments suggest that both the conductance and gating of the channel are sensitive to
extracellular manipulations. A susceptibility to such changes may allow for regulation of the

channel function in vivo.

Single Channel Recording
In the investigation of channel behavior, single channel recordings have a number of

advantages over analyzing macroscopic currents. The macroscopic current (I) recorded from



Figure 1. A model of the tertiary structure of the Na* channel a-subunit. The Na* channel
a-subunit consists of four homologous repeats, each containing six putative transmembrane
a-helices (S1-S6) and two short segments (SS1 and SS2). The a-helices are arranged in three
concentric layers. In the closed configuration (panel A), the S4 helix, which contains
positively charged amino acids at every third residue, occludes the central ion permeation
pathway. In panel B, the S4 segment rearranges to form an eight member antiparallel §-barrel
that allows for conduction. From Guy and Conti, 1990.



a cell is an average of the behavior of multiple channels
I-= N-i-Pm(t)

where N is the number of channels under study, i is the unitary current, and P___ (t) is the

open
open probability of a single channel at time t. Fluctuation analysis techniques have been
developed to estimate single channel parameters from macroscopic currents. These techniques
assume that small variations in the current are the result of channels opening and closing at
random. Although the variance of the macroscopic current can be related to the properties
of individual channels, single channel recording can determine these parameters directly.
Some of the advantages of single channel over macroscopic recordings are li-sted below
(Aldrich and Yellen, 1983):

1. Ionic and experimental conditions can be manipulated to record from a single type
of channel (e.g., Na*, Ca®*, and K* channels). Records can provide evidence of
the existence of separate populations or substates of channels when isolation of a
single type of channel is impossible.

2. Any changes in the leak current with voltage steps can be corrected for directly
without assuming the leak is a linear function of voltage. This allows for more
accurate estimates of the current amplitude.

3. When recording macroscopic currents, the current is a time dependent function of
all possible transitions between channel states. In single channel recording, kinetic
parameters for a subset of these transitions can be estimated directly (vide infra)
allowing for more detailed models of channel behavior.

4. Insingle channel recordings, open channel conductance properties can be observed
directly. This information can be used to estimate the potential energy profile for
ions in the permeation pathway. In turn, the energy profile can suggest structural
features of the channel. In macroscopic measurements, assessment of open channel

properties may be inextricable from the voltage dependence of channel opening.



5. In single channel recording, small currents reduce the artifacts caused by ion
accumulation. Larger electrode apertures allow for a decreased access resistance
in series with the channels.

In general, single channel recordings give a more detailed assessment of a subset of the data
contained in macroscopic current measurements. Macroscopic currents can be approximated

by averaging a number of single channel records to give an ensemble.

T heoretical Considerations

Single channel recording became possible with the development of field effect
transistors (FETs). FETs are biased by an electric field and subsequently have high input
resistances. The low power, open circuit input and low noise characteristics make FETs ideal
components of operationalamplifiers used in current-voltage (I-V) converters. A typicalNa*
channel is open for 1 ms and conducts 1 pA, so only ~6000 ions move across the membrane.
Consequently, amplifiers requiring little input current are critical to resolving single channel

events without perturbing the system.

Even with low noise amplifiers, single channel event detection is an interplay of
retaining the maximum kinetic resolution while minimizing errors related to random noise.

The lower limit of the noise variance is

. _ 4kTB
g =
R

where B is the bandwidth of the recordings, k is the Boltzmann constant, and R is the
combined resistance of the membrane and the feedback amplifier (Nyquist, 1928). A common
way to improve the signal-to-noise ratio is to reduce the recording bandwidth by low pass
filtration. Filters are described by a cut-off frequency, f_, at which the attenuation of the
signal is -3 dB (i.e., V_,/V,, = 0.71). Asshown in the equation above, filtering will decrease

the baseline noise but will limit the kinetic resolution of the recordings. In the experiments



described below, the bandwidth was 2 kHz and the amplifier resistance was 50 G, so the
theoretical minimum standard deviation, o, was 0.03 pA. In practice, noise from the
electrode, electrode holder, membrane seal with the electrode, and I-V converter made this

limit much higher.

Analog single channel currents must be converted to a digital form to allow for
computer analysis. To provide for a subsequent reconstruction of the original signal and to
avoid aliasing, the current data must be sampled at a minimum rate of > 2x the highest
frequency in the record (i.e., the Nyquist sampling criterion). Because of practical
considerations including the method used for interpolation of the discrete data, the sampling
rate is usually 5 x f_. Filtered digital current records are suitable for analysis. For automated
event detection, a threshold current level (¢) is set. The beginning and end of an event are
determined by when the current crosses ¢. The threshold must be high enough to avoid
mistaking noise for transitions while being low enough to detect as many true openings as
possible. The threshold level is usually set at ¢ = 0.5{. This ¢ level is called the half-
amplitude threshold, and the time between threshold crossings provides an unbiased estimate
of the channel open time. To maximize detection, the f_ of the filter must be adjusted in
concert with ¢. Colquhoun and Sigworth (1983) have shown that the rate of false events
detected is proportional to ¢/f_ and that a ratio of ~5 is appropriate for single channel
recording. Figure 2A shows representative interpolations from digitized single channel
current records at -50 mV. Panel B illustrates idealized records of openings and closings

based on a half-amplitude threshold criterion.

The data available from single channel records can be divided into current amplitude
and kinetic information. Filtering alters the amplitude data by time averaging the current
input, and when estimating the unitary current, data affected by filtering must be omitted.
Bessel-type active filters are used because they produce an output with a constant time delay

that minimizes waveform distortion. The output of a multipole Bessel filter at time t depends



on the impulse response function which is proportional to f_exp(-kf t) where k is a constant
reflecting the characteristics of the filter. The time required for the filter output to reach the
full amplitude of an applied step function is called the rise time (T,) and is inversely related
to f.. Since channel openings are rectangular waves, the practical effect of filtering is to
round the amplitude of these current pulses in the time domain which produces a roughly
Gaussian rising and falling phase. Therefore, data points within one T, of the current step
will not reflect the true unitary current amplitude. Further, the measured current amplitude
of channels with an open duration less than 0.538 T, will never reach the half-amplitude

threshold. In order to accurately estimate the unitary current with a sample rate of 5 x f_, the

first and last data points above threshold, which are affected by filtering, must be omitted.

The second class of available information is kinetic data. Transition rates between
channel states are generally constant and independent of the previous history of the channel
(i.e., stochastic). Such time homogeneous kinetics are referred to as Markovian, and imply
that the channel state lifetime distribution will be exponential. For example, the relative
frequency of an open channel lifetime is given by the probability density function (pdf;

Colquhoun and Hawkes, 1983)

f@0) = aexp(-af)
where a is equal to the sum of the transition rates away from the open state. The mean of f(t)
is 1/a, known as the mean open time (MOT), and is equivalent to the time constant of the
exponential decay. Therefore, the MOT contains kinetic information about the rate constants

for the transitions away from the open state.

The MOT can be determined in several ways. One of the most frequently employed
methods is to construct an open time histogram from the half-amplitude threshold duration
information (Figure 2C). By making the bins small, the histogram will approximate the pdf
for the open channel lifetime. The points in this histogram can be fitted to an exponential

function, and the decay constant for the exponential will equal the MOT. Because of filtering
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A. Current Recoxds B. Idealized Records

A»/‘AA—Y—IW
! \ ¥
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Figure 2. Analysis of single channel current records for unitary current amplitude and
kinetics of the open state. Panel A shows typical current records at -50 mV interpolated from
digitized data. Panel B illustrates computer assigned channel openings and closings based on
a half-amplitude threshold criterion. An open time histogram can be constructed from the
idealized records (panel C). The solid line represents a least squares monoexponential fit to
the histogram, and the equation for this line is shown. In this example, the mean open
time (7) is 1.25 ms.
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and a half-amplitude threshold for event detection, short events will be missed. Using a half-
amplitude threshold, the estimated open duration will be correct for openings with an original
width > T, so fitting the histogram after this time automatically compensates for missed
events. An open time histogram described by the sum of exponentials implies multiple open

states.

The MOT can also be obtained by averaging the open time durations. Because of
missed openings, the average calculated from detectable openings (6) will be longer than the

true MOT (7) and must be corrected. In general, the mean of this pdf is

6 = f,,-%texp(-llf) dt/ j:,“%exp(—t/r) dt

where 7 = 1/a and t’ is the smallest detectable duration. Letting x = t/7 and dx = dt/7, the

equation simplifies to
0 = tL,xexp(-x)dx / f‘fexp(-x)dx
Integrating this equation with respect to x gives

t exp(-x)[x+1] |7,
exp(-x)|

and evaluating this at x’ = t’/7 and oo reveals a surprisingly simple answer.

t'+ ¢
T=0-t

Iindependently derived this relationship and later learned that it had been previously reported

(Neher and Steinbach, 1978).

At least two graphical representations can be based on this analysis. The most obvious
is the linear relationship between 6 and t’. A plot of 6 on the ordinate and t’ on the abscissa
will give a line with a slope of 1 and a y-intercept of 7. Also, it was found that the pdf

multiplied by t’ and plotted as a function of t" has a maximum which is equal to 7.
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dy/dt = v exp(-t'/T)
T

dy/dt =0 = exp(—t’/r)[—t—ld]
T

t/ = ¢ at the maximum

The r estimated from this relationship was less reliable than the other methods because the
derivative dy/dt is very sensitive to small changes in the number of events in the adjoining

time bins.

Patch Clamp Configurations

In order to record current from single channels, Hamill et al. (1981) pulled a
microelectrode with a large aperture (~1-2 um). After smoothing the aperture with heat, they
pressed the patch pipette against a cell. Application of suction to the pipette interior
converted a low resistance seal into a gigaohm seal (see Figure 3, cell-attached configuration).
In a high resistance seal, the distance between the glass and the membrane is on the order of
several angstroms (Corey and Stevens, 1983). The ability to form a sealdepends upon divalent
cation bridging between the charges on the glass and the membrane. Other binding forces
include hydrogen bonding, coulombic interactions, and Van der Waals’ forces. As will be
discussed later, reducing the negative membrane surface potential by chemical modification

decreases the likelihood of obtaining a gigaohm seal.

The gigaohm seal acts as a diffusion barrier and is mechanically stable. These
properties permit four recording configurations illustrated in Figure 3 (for review see
Sakmann and Neher, 1984). All of the configurations originate from the cell-attached
position. In this position, single channel currents may be recorded with minimal alteration
of the membrane or the cytoplasmic milieu. Since the seal effectively separates the pipette
solution from the bath solution, this configuration can be used to establish that a channel is

regulated by an extracellular transmitter via a soluble cytoplasmic second messenger. If
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LOW RESISTANCE SEAL
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Figure 3. The four possible configurations for single channel recording. After placing a heat
polished pipette on the surface of a cell, suction is applied to seal the pipette to the membrane
(cell-attached). Withdrawing the pipette from this configuration in a low Ca%* medium
results in a membrane patch with the former cytoplasmic side facing the bath (inside-out).
In the cell-attached configuration, a pulse of suction or an oscillating voltage will rupture the
patch. Then, the electrode is continuous with the cytoplasm (whole cell). By withdrawing the
pipette from the whole cell position, a membrane patch reseals over the pipette orifice. The
former extracellular face of this patch faces the bath (outside-out). From Hamill et al., 1981.
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modulation of the channel occurs with addition of a transmitter to the bath, a soluble second
messenger must have diffused in the cytoplasm from the site of production to the channels
isolated in the patch. This configuration also can be used to test channel properties under
extreme ionic conditions. The pipette isolates solutions that would ordinarily damage the cell
if the entire membrane were exposed. The limitation of the cell-attached configuration is the

inability to change either the pipette or cytoplasmic solutions easily.

Upon forming a seal in the cell-attached configuration, withdrawing the pipette into
a low Ca2?*-containing medium causes an excision of the patch from its native membrane.
Because the former cytoplasmic side of the patch is left facing the bathing solution, this
configuration is known as inside-out, and is well suited for studying the effects of
cytoplasmic constituents on channel behavior. While it is technically difficult to change
pipette solutions, bathing solutions are altered readily. This configuration can be used to
screen for possible second messengers and is complimentary to the cell-attached mode for
investigation of processes involving cytoplasmic components. Unfortunately, physical
alteration of the membrane with excision and the loss of intracellular constituents may change

the natural behavior of the channel.

If excessive suction or an oscillating voltage is applied to a cell-attached patch, the
patch membrane will break, and the electrode will be in direct contact with the cytoplasm.
This configuration is known as whole cell and is analogous to whole cell recording using
conventional electrodes. When the patch is broken, the cytoplasm will be exchanged for the
pipette filling solution. This makes the whole cell configuration similar to the inside-out
configuration but with the limitation of only one cytoplasmic solution change. The bath
solution may be readily exchanged, however. This configuration should be used when it is
necessary to study the average properties of many channels (e.g., dose-response curves for a

toxin).
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The whole cell configuration is appropriate for small cells only. In the cell-attached
mode conditions are ideal for voltage clamping. The electrode tip resistance is usually
between 2-10 M2 and constitutes the major access resistance in series with the channels. For
a 10 pA current, the access resistance causes only a 0.1 mV deviation from the expected
holding potential. The capacitance of an average patch is ~0.1 pF giving a time constant of
~1 us for the response of the system. In the whole cell configuration, the capacitance, access
resistance, and current are increased. The cytoplasm contributes to the series resistance, and
the capacitance is dominated by the cell membrane. Consequently, the time constants of the
voltage clamp can be > 100 us. With whole cell currents typically on the order nanoamperes,
the voltage drop across the series resistance can cause significant errors in the membrane
holding potential. By taking the scaled output of the I-V converter and feeding it back on
the command voltage, the apparent access resistance can be decreased by an order of
magnitude to improve the time constant.

If the electrode is withdrawn slowly from the whole cell configuration into a bathing
solution containing a moderate amount of Ca2*, a patch of membrane will reseal over the
mouth of the pipette. This membrane will have its former extracellular surface facing the
bathing solution and, therefore, is called the outside-out configuration. This configuration
has similar advantages to the whole cell configuration, although the access resistance, the
membrane capacitance, and the current are reduced for a better voltage clamp. This mode
also allows for better dialysis of the cytoplasmic side by the pipette solution. The limitatidn
of this configuration is the major rearrangement of the membrane required and the loss of

cytoplasmic constituents which may regulate the channel.
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ABSTRACT

In TTX-sensitive nerve and skeletal muscle Na* channels, selective modification of
the external carboxyl groups with trimethyloxonium (TMO) or water soluble
carbodiimide (WSC) prevents voltage-dependent Ca?* block, reduces single channel
conductance, and decreases guanidinium toxin affinity. In the case of TMO, it has been
suggested that these findings result from the modification of a single carboxyl group which
causes a positive shift in the channel’s surface potential. Using the cell-attached patch clamp
method, I studied the effect of carboxyl modification on Ca?* block of adult rabbit
ventricular Na* channels. In unmodified channels, unitary conductance (7y,) Wwas
18.6 + 0.9 pS with 280 mM Na* and 2 mM Ca?* in the pipette and was reduced to 5.2 + 0.8 pS
by 10 mM Ca?*. In contrast to TTX-sensitive Na* channels, Ca?* block of cardiac Na*
channels was not prevented by selective carboxyl modification by TMO; after TMO
pretreatment, Yy, was 6.1 £ 1.0 pS in 10 mM Ca2*. Nevertheless, TMO altered cardiac Na*
channel properties. In 2 mM Ca2*, TMO-treated patches exhibited 3 discrete INa levels:
153+1.7, 113+1.5, and 9.8 + 1.8 pS. An abbreviation of mean open time (MOT)
accompanied each decrease in 7y,. The effects on channel gating of elevating external Ca®*
differed from those of TMO pretreatment. Increasing pipette Ca* from 2 to 10 mM
prolonged the MOT at potentials positive to ~-35 mV by decreasing the open to
inactivated (O—I) transition rate constant. On the other hand even in 10 mM Ca2*, TMO
accelerated the O—I transition rate constant without a change in its voltage dependence.
Ensemble averages after TMO showed a shortening of the time to peak current and an accel-
eration of the rate of current decay. Channel modification with WSC resulted in analogous
effects to those of TMO in failing to show relief from block by 10 mM Ca2*. Rather, WSC
caused a decrease in 7y, and an abbreviation of MOT at all potentials tested. I conclude that

alteration of the surface potential by a single carboxyl modification is inadequate to explain
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the effects of TMO and WSC. Failure of carboxyl modification to prevent Ca2* block of the

cardiac Na* channel is a new distinction among isof orms in the Na* channel multigene family.
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INTRODUCTION

Besides its well-known effect on surface potential (McLaughlin, 1989), Ca%* blocks
open Na* channels in a voltage-dependent manner by occluding the ion permeation pathway
in nerve (Woodhull, 1973; Yamamoto et al., 1985), skeletal muscle (Weiss and Horn, 1986a
and b) and cardiac muscle (Sheets et al.,, 1987; Nilius, 1988a). This block is too rapid to
resolve but is manifest as an outward rectification at negative potentials in both the
macroscopic instantaneous current-voltage relationship and the unitary current-voltage
relationship. Experiments with group-specific reagents suggest that a carboxyl group is
involved with Ca%* block. Exposure to the carboxyl-specific, O-methylation reagent tri-
methyloxonium (TMO) prevents voltage-dependent Ca2* block of reconstituted nerve Na*
channels (Worley et al., 1986). TMO and other carboxyl-specific reagents also decrease the
affinity of nerve and skeletal muscle Nat channels for guanidinium toxins,
tetrodotoxin (TTX) and saxitoxin (STX) (Shrager and Profera, 1973; Baker and Rubinson,
1975 and 1977; D’Arrigo, 1975; Reed and Raftery, 1976; Spalding, 1980; Gulden and Vogel,
1985; Krueger et al., 1986; Worley et al., 1986), and in the absence of Ca?* block, decrease
the nerve Na* channel unitary conductance, 7y, (Sigworth and Spalding, 1980; Krueger et al.,

1986; Worley et al., 1986; Chabala et al., 1986; Cherbavaz, 1990).

Worley et al. (1986) observed that TMO always altered Ca2* block, guanidinium toxin
affinity, and 7y, concurrently and concluded that all three actions resulted from the modif—
ication of a single carboxyl group. Methylation by TMO of a carboxyl residue accessible from
the extracellular solution decreases the negative surface potential of the channel, and Worley
et al. (1986) argued that such an alteration in surface potential could explain the diverse
effects of TMO on Na* channel properties. Other evidence also suggests that divalent cation
block, guanidinium toxin affinity, and 7y, may be linked. Cultured rat myoblast Na*

channels are TTX-resistant (i.e., micromolar affinity), only poorly blocked by external Ca%*,
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and possess a lower 7y, than cultured rat myotube Na* channels, which are TTX-sensitive
(i.e., nanomolar affinity) and significantly blocked by Ca%* (Weiss and Horn, 1986a and b).
That is to say, this naturally occurring TTX-resistant channel behaves like a TTX-sensitive
Na* channel after modification by TMO. Furthermore, removing the negative charge from
one carboxyl group by mutation of a single glutamate to a neutral glutamine in the rat brain II

Na* channel results in a lower Ina and guanidinium toxin affinity (Noda et al., 1989).

The cardiac Na*t channel deviates from this pattern, however. Despite the much lower
affinity for guanidinium toxins (Moczydlowski et al., 1986b) and a lower 7y, (Baumgarten
et al., 1991) of mammalian cardiac than nerve Na* channels, the cardiac channel retains a
relatively high affinity site for Ca2* block (Sheets et al., 1987; Nilius, 1988a). Furthermore,
the divalent cation blocking site in heart has a different sequence of potency and a notably
higher affinity for group I1Ib metals than the nerve Na* channels (DiFrancesco et al., 1985;
Frelin et al., 1986; Sheets et al., 1988; Tanguy and Yeh, 1988; Baumgarten and Fozzard, 1989;
Visentin et al.,, 1990). These data suggest that the divalent cation blocking site may be

different in heart and nerve.

In view of these differences in channel properties, I tested whether treatment with
carboxyl group reagents would deter block of adult rabbit ventricular Na* channels by Ca?*.
TMO and water soluble carbodiimide (WSC), two reagents that specifically modify carboxyl
groups, failed to prevent block of cardiac Na* channel by 10 mM Ca?*. However, the
reagents significantly affected several other channel properties. In 2 mM Ca2*, the abatement
of divalent cation block revealed that TMO pretreatment resulted in Na* channel openings
to three distinct unitary current levels. Rather than behaving as substates, each open level
appeared to reflect a population of channels with a distinct modification. Consequently, it
is necessary to postulate multiple sites for the action of TMO on the cardiac Na* channel.
Furthermore, the effect of TMO on mean open time was qualitatively different from that of

elevating extracellular Ca%*. Although TMO must modify surface potential, these data
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indicate that a change in surface potential alone is insufficient to explain all the actions of
TMO. Differences in the response of cardiac and nerve Na* channels to carboxyl modifying

reagents may have important implications for models of the Na* channel.

Preliminary results of these studies have been reported else where in abstract (Dudley

and Baumgarten, 1990a and b).
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METHODS

Cell Isolation Procedure

Ventricular myocytes were isolated from New Zealand white rabbits (1.5-2.5 kg) by
a collagenase-protease digestion procedure modified from Poole et al. (1989). A cannula was
placed in the aorta and hearts were perfused retrogradely for 4 min with a warm (37°C) Ca%*-
containing modified Tyrode’s solution consisting of (in mM): 130 NaCl, 20 taurine,
10 creatine, 5.4 KCl, 0.75 CaCl,, 0.4 NaH,PO,, 3.5 MgCl,, 5 N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES), 10 glucose (titrated to pH 7.25 with NaOH and bubbled
with 100% O,). After rinsing with a nominally Ca’*-free Tyrode’s solution to which 100 uM
ethyleneglycol-bis-(8 aminoethylether) N,N,N’ N’-tetraacetic acid (EGTA) was added, low
Ca?* Tyrode’s solution containing 1 mg/ml collagenase (type II; Worthington Biomedical,
Freehold, NJ), 0.1 mg/ml protease (pronase E, type XIV; Sigma, St. Louis, MO), and 80 uM
added Ca?* (total Ca?* ~200 uM) was recirculated for 15 min. Then, the ventricles were
isolated, cut into small pieces (~5 x 5 mm), and divided among three flasks containing 3 ml
of the enzyme solution with the addition of 10% bovine serum albumin. The flasks were
gently shaken for up to 15 min in a Dubnoff metabolic shaking incubator maintained at 37°C.
Single myocytes were separated from the undigested material by filtration through nylon
gauze (250 um pore size). Isolated cells were washed twice and stored at room temperature
in a Kraft-Bruhe solution containing (in mM): 88 KOH, 80 glutamic acid, 11 glucose,
10 taurine, 10 KH,PO,, 10 HEPES, 0.5 EGTA, 2.5 KCl, 1.8 MgSO, (titrated to pH 7.2 with

1 N KOH). This procedure consistently yielded >70% Ca%*-tolerant, rod-shaped cells.

Modification of Carboxyl Groups
Channels were modified by two carboxyl-specific reagents (Brodwick and Eaton,

1982): trimethyloxonium tetrafluoroborate (TMO)and1-cyclohexyl-3-(2-morpholinoethyl)-
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carbodiimide metho-p-toluenesulfonate in the presence of glycine methyl ester (WSC). TMO
modifies carboxylic acid residues by creation of a methyl ester derivative, while carbodiimide
activates the carboxyl for nucleophilic substitution. Glycine methyl ester was added as the
nucleophile and, in the presence of carbodiimide, should result in the formation of an
uncharged amide derivative of the original carboxylic acid. However, any nucleophile present
can react with a carboxyl group activated by carbodiimide, and protein crosslinking may
occur.

TMO protocol. Isolated cardiac myocytes were placed in a solution containing
(in mM): 90 KCl, 100 HEPES (pH 8.0). To prevent hydrolytic breakdown, TMO was weighed
immediately prior to use and wasadded to the solution as a solid to yield a final concentration
of 50 mM. The cells were stirred periodically and incubated for 10 min at ~0°C. The final
pH of the reaction solution was 7.36 + 0.04 (n = 10). This acidification in the presence of
100 mM HEPES buffer indicated that the TMO was active; a proton is released during the
reaction of TMO with a nucleophile. To remove TMOQO?’s reaction byproducts, dimethylether
and methanol, the cells were washed twice by centrifugation in 10x the volume of the cell
pellet of the K-aspartate extracellular solution used during patch clamp or the Kraft-Bruhe
solution (vide infra). The reaction of TMO with a protein carboxyl group is depicted in
Figure 4.

WSC protocol. Moadification of myocytes with 50 mM carbodiimide and 50 mM of a
nucleophile, glycine methyl ester, was carried out in solutions containing (in mM): 50 KCl,
50 2-(N-morpholino) ethanesulfonic acid (MES). The pH of the reaction medium was
adjusted to pH 5.5 with 1 N KOH to maximize the carboxyl selectivity of WSC (Baker and
Rubinson, 1975). Both reagents were added as solids to the reaction solution which was gently
agitated to insure dissolution and mixing with the cells. Cells were incubated for 15 min at
25°C and then washed by the same procedure used for TMO-treated cells. The two step

conversion by WSC of a protein carboxyl group to an amide is depicted in Figure 5.
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Figure 4. Modification of a carboxyl group by trimethyloxonium tetrafluoroborate (TMO).
The carboxyl group is depicted as part of a protein, P. The reaction generates an uncharged

methyl ester derivative and dimethylether.
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Figure 5. The conversion by water soluble carbodiimide (WSC) of a protein (P) carboxyl
group into an uncharged amide. WSC promotes nucleophilic substitution at the carbonyl
carbon group by forming an O-acylisourea intermediate. This intermediate undergoes nucleo-
philic substitution by the amino group of glycine methyl ester.
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Initial attempts to modify Na* channels utilized 100 mM WSC and pretreatment for
30 min. These conditions resulted in difficultly in forming gigaohm seals, and extremely few
channels were functional upon seal formation. Even with a 50% reduction in both the
concentration of WSC and the treatment time, high resistance seals were difficult to obtain,
and patches exhibited a paucity of functional channels. The propensity for WSC to render

tissues inexcitable also was noted by Shrager and Profera (1973).

Single Channel Recordings

Unitary Na* channel currents were measured with a List EPC-7 patch clamp amplifier
in the cell-attached mode (Hamill et al., 1981). Cells were affixed to the floor of a chamber
with poly-L-lysine (MW > 300,000; Sigma). The membrane potential in series with the patch
potential was depolarized to near 0 mV by an extracellular solution containing (in mM): 140
K-aspartate, 1 or 10 EGTA, and 5 HEPES (pH = 7.4) at 10°C. The low temperature was
employed to better resolve channel openings and kinetics. To increase the signal-to-noise
ratio, the pipette solution contained (in mM): 280 NaCl, 10 HEPES (pH = 7.4), and either 2 or
10 mM CaCl,. The patch electrodes (2-5 MQ) were pulled from 7740 glass, coated with
Sylgard 184 (Dow Corning, Midland, MI) to improve their capacitive properties, and heat

polished.

Pulse protocols, data acquisition, and analysis were directed by custom programs
written in ASYST (Keithley, Rochester, NY) and run on an Intel 80386-based computer.
Holding potential typically was -130 mV, and step depolarizations 45 ms in duration were
applied at 1 Hz. Current records were digitized at 10 kHz (12 bits) after filtering at 2 kHz
(-3 dB, 8-pole Bessel). Capacity transients were partially compensated for by analog
circuitry, and the average current in sweeps without openings was subtracted from the orig-
inal records to eliminate the residual capacity transient. In addition, the leak current was

subtracted sweep-by-sweep so that the averaged current baseline was 0 pA.
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The half-amplitude threshold criterion was applied in assigning openings, and open
channel amplitude histograms were calculated after excluding the first and last points above
threshold which were affected by filtering (tg,_q~0.08 ms). Two methods for calculating
MOT were employed in all cases. After excluding the first bin toallow for missed openings,
a single exponential was fitted to the open time histogram using a least squares criterion. The
exponential time constant was reported as the mean open time. The MOT also was calculated

by the formula (Neher and Steinbach, 1978):

MOT =6 -t
where 6 is the arithmetic mean of the open duration of all openings with a duration greater
than t, and t is the minimum open duration accepted for analysis, usually 250 us. This method
also assumes an exponential distribution of open times. The results of the two methods rarely

diverged, and in those instances, the MOT based on the arithmetic mean usually was accepted.

Statistical analyses of multiple, unpaired observations were carried out using a two-
way analysis of variance. Measured values are reported as means + SE. Nonlinear curves
were fitted by the Marquardt method with PROC NLIN (SAS Institute, Cary, NC) or with

ASYST. Other statistical methods are presented with the results.
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RESULTS

Carboxyl Reagents Fail to Prevent Ca?* Block of the Cardiac Na* Channel

Block of open cardiac Na* channels by Ca?* is illustrated in Figure 6. Typical
consecutive sweeps showing openings on depolarizing from -130 to -50 mV are shown.
Panel A is from apatch with 280 mM Na*and 2 mM Ca?* in the pipette solution, and panel B
is from another patch exposed to 280 mM Na* and 10 mM Ca?*. Increasing the pipette Ca2*
from 2 to 10 mM decreased the amplitude of the unitary current. This Ca?*-induced
reduction of unitary Na‘* currents has been reported previously in squid -giant axon
(Yamamoto et al., 1985), cultured rat skeletal muscle (Weiss and Horn, 1986a and b), rat brain
(Worley et al., 1986), canine Purkinje fibers (Sheets et al., 1987), and guinea pig ventricle
(Nilius, 1988a). The reduced current has generally been attributed to a decrease in the time-
averaged current caused by unresolved blocking and unblocking of the open channel.

If methylation of carboxyl groups prevented Ca?* block as it does for reconstituted
nerve Na* channels (Worley et al, 1986), the unitary currents of cardiac Na* channels
pretreated with TMO should be greater in amplitude than those recorded from untreated cells.
Figure 6C shows consecutive sweeps obtained from a cell that was pretreated with
50 mM TMO. The pipette and bath solutions were identical to those used to record the
sweeps in panel B. Contrary to the results obtained by Worley et al. (1986) in nerve, the
amplitude of the openings in 10 mM Ca?* appeared to be quite similar in TMO-treated and
untreated cells. Since each panel represents a separate patch, inferences about the probability

of channel opening cannot be drawn from these data.

Open channel amplitude histograms were used to quantitatively analyze the unitary
Na* currents recorded between -70 and 0 mV. Figure 7 illustrates histograms constructed
from currents recorded at -60 mV. This voltage was chosen for illustration because the

sensitivity for detection of the relief of block should be high at more hyperpolarized
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Figure 6. Effect of Ca%* and trimethyloxonium (TMO) on unitary Na* currents in ventricular
myocytes (pipette solution, 280 mM Na*). Consecutive traces pulsing to -50 mV are shown.
Increasing pipette Ca2* from 2 mM (panel A) to 10 mM (panel B) decreased the unitary Na*
current amplitude. In contrast to results in TTX-sensitive nerve Na* channels (Worley et al.,
1986), pretreating ventricular myocytes with 50 mM TMO for 10 min failed to prevent open
channel block by 10 mM Ca?*. Rather than increasing unitary current, comparison of sweeps
in panels B and C suggests that the unitary current amplitude of cardiac Na* channels is
unaffected by TMO.
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Figure 7. Open channel amplitude histograms at -60 mV and least squares fits to single
Gaussian functions. Amplitude histograms were constructed after excluding the points
affected by filtering, the first and last points of each opening above the 50% threshold. In
2 mM Ca?*, unitary current amplitude was -2.13 pA (4; o = 0.28 pA) and was reduced to
-1.30 pA (s; 0=0.23 pA) by increasing pipette Ca?* to 10 mM. The unitary current
amplitude in 10 mM Ca?* was unaffected by pretreatment with 50 mM TMO, -1.30 pA
(m; 0 =0.23 pA). The ordinate of the amplitude histogram is normalized by the maximum

number of open channel data points.
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potentials where Ca2* block is maximized. In the examples shown, increasing Ca?* from 2 (¢)
to 10 mM () decreased the unitary Na® current from -2.13 to -1.30 pA, and an identical
unitary current, -1.30 pA, was recorded in 10 mM Ca?* from a cell which had been exposed
to TMO (m). On average, the unitary Na* current at -60 mV was -2.17 + 0.03 pA in
2 mM Ca?* (n=9), -1.30 £ 0.02 pA in 10 mM Ca?* (n=6), and -1.32 £ 0.02 pA in 10 mM Ca?*
after exposure to TMO (n=5). Although increasing Ca%* from 2 to 10 mM resulted in a
significant reduction in unitary Na* current in 10 mM Ca?*, currents recorded from TMO-
treated cells were indistinguishable from those of control cells. This indicates that TMO

failed to prevent Ca2* block of open cardiac Na* channels.

Current-voltage curves depicted in Figure 8 show the effect of Ca?* and TMO over
the entire voltage range tested. Increasing pipette Ca%* from 2 mM (4) to 10 mM () reduced
Yna- The Ty, after TMO pretreatment (m) resembled that of the unmodified channel (s). The
outward rectification of the current-voltage curve in 10 mM Ca2* reflects the voltage-
dependent Ca?* block which is increased at more negative potentials. Based on a least squares
linear regression over the entire voltage range, vy, was 18.6 £ 0.9 pS in 2 mM Ca?* (¢),
5.2+ 0.8 pSin 10 mM Ca?* (s), and 6.1 + 1.0 pS in 10 mM Ca?* after exposure to TMO (m).
Because of rectification, these values overestimate 7y, in 10 mM Ca?* at negative potentials.
Nevertheless, the data points appear to overlap in 10 mM Ca?* with and without TMO
pretreatment. Comparison of vy,’s recorded under identical conditions with and without
TMO exposure demonstrated that TMO pretreatment was ineffective over the entire voltage
range (p = 0.47). This eliminates the possibility that an effect of TMO on Ca?* block was

obscured at certain voltages.

To confirm the inability of carboxyl modifying reagents to relieve Ca?* block of
cardiac Na* channels, I performed experiments with WSC, another carboxyl-specific reagent.
As shown in Figure 9, pretreatment of cells with 50 mM WSC also failed to prevent the block

of the unitary Na* current by 10 mM Ca?*. The panel A shows consecutive records at
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Figure 8. The effect of Ca’* and trimethyloxonium (TMO) on the current-voltage
relationship. Block of Na* channels by 10 mM Ca?* was not prevented by pretreatment with
50 mM TMO. Unitary conductance (7yy,) was 18.6 + 0.9 pS in 2 mM Ca’* (4), 5.2+ 0.8 pS
in 10 mM Ca?* (a), and 6.1 + 1.0 pS in 10 mM Ca?* after exposure to TMO (m). Symbols
represent the mean value at each voltage, and the error bars (x 1 SE) are smaller than the
symbol size. The qy,’s reported are based on a linear regression weighted for the number of
observations at each potential. Tests for the homogeneity of the 7y,’s based on a Student’s
t distribution suggest that raising Ca?* had a significant effect (p <0.01), but TMO

pretreatment did not effect vy, in 10 mM Ca?* (p = 0.47).
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Figure 9. Pretreatment of cells with 50 mM carbodiimide and 50 mM glycine methyl
ester (WSC) failed to prevent block by 10 mM Ca?*. Consecutive sweeps at -50 mV from
control and WSC-treated patches in 10 mM Ca2?* are shown (panel A). Open channel ampli-
tude histograms and least squares fits to single Gaussian functions (panel B) show that
pretreatment with WSC decreases the unitary current amplitude. Unitary current at -50 mV
in 10 mM Ca2* for the control patch is -1.22 pA (¢; 0 = 0.26 pA), and the unitary current
decreases to -0.98 pA (m; 0 = 0.28 pA) after pretreatment with WSC. A decrease in the
unitary current is opposite to the effect expected if WSC prevents divalent block of Na*
channels. The ordinate of the amplitude histogram is normalized by the maximum number
of open channel data points.
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-50 mV from control and WSC pretreated channels exposed to the same pipette and bath
solutions. Open channel amplitude histograms (panel B) indicate that the unitary Na* current
was ~20% less in WSC pretreated channels (w) as compared with unmodified channels (4).
Unitary Na* currents in channels exposed to 10 mM Ca2* after pretreatment with WSC were
-1.05+0.08 (n=3), -098 + 0.04 (n=3), and -1.00 pA (n=1) at -50, -40, and -30 mV
respectively. Under identical conditions, unitary currents from control channels were
-1.28 £ 0.04(n=9), -1.25 £ 0.03 pA (n = 6), and -1.22 + 0.01 pA (n = 4). These significant
decreases in unitary Na* current are antithetical to that expected with a relief of Ca2* block.
WSC differed from TMO in that a reduction in unitary current was not noted -with TMO

pretreatment.

The Effect of Carboxyl Modification on Single Channel Properties in Low Ca**

Although TMO did not alter yy, when the external surface of the channel was exposed
to 10 mM Ca2*, more complex behavior was observed with 280 mM Na* and 2 mM Ca2* in
the pipette. Figure 10 demonstrates the results of TMO pretreatment on unitary Na* currents
in low external Ca2*. Traces from patches pretreated with TMO and depolarized to -60 mV
are shown, and the dotted line is the average unitary Na* current in unmodified channels
exposed to the same pipette and bath solutions (see Figure 6). With a reduction in Ca%* block,
TMO-treated patches displayed openings to several current levels. Some openings appeared
normal while the amplitude of others were either slightly less than normal or about half that

of controls. Transitions between any of the three open current levels were not observed.

Open channel amplitude histograms were constructed at test potentials from -70 to
-20 mV to quantify the multiple open current levels induced by TMO. Amplitude histograms
from openings at -60 mV in one control and three TMO-treated patches are shown in
Figure 11. Panel A is a typical open channel amplitude histogram from an unmodified,

control channel. Control histograms showed only one peak in the vast majority of cases.
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Figure 10. Selected sweeps from TMO-treated cells exposed to 2 mM Ca2*. Contrary to the
single 7y, observed after TMO pretreatment in 10 mM Ca?*, TMO-treated patches showed
three current levels in 2 mM Ca2*. The dotted line at -2.17 pA represents the average unitary
current observed in control patches with 2 mM Ca?*. Some openings appeared normal while
the amplitude of others were either slightly less than normal or about half that of controls.
Transitions between any of the three current levels were not observed.
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Figure 11. Open channel amplitude histograms and Gaussian fitsat -60 mV in one control
and three TMO-treated patches (pipette solution, 280 mM Na* and 2 mM Ca?* in all panels).
The dotted lines represent the unitary current of -2.08 pA (¢ = 0.12 pA) for the control patch
(panel A). With TMO pretreatment, three levels of unitary current were observed. All three
levels (-2.03 pA, o= 0.03 pA; -1.81 pA, 0=0.29 pA; -0.88 pA, 0 =0.11 pA) are present
simultaneously in the patch analyzed in panel B. In panel C, only the largest and the smallest
current levels (-2.06 pA, 0 =0.10 pA; -1.13 pA, 0 = 0.14 pA) are present. Panel D contains
only the middle current level (-1.78 pA, o =0.17 pA). All combinations of the three levels
were seen except that the smallest current level was never seen in isolation. To better resolve
multiple current levels, the average unitary current of an opening was weighted for open time
before constructing the histograms. In all histograms, the ordinate is normalized by the
maximum number of open channel data points. Least squares fits to one or the sum of two
Gaussian functions are shown in panels A, C, and D. In panel B, the least squares fit to the
sum of three Gaussian functions gave a weight for the highest current level with a large
asymptotic standard error. Therefore, the weight of this peak was adjusted by eye, and all
other parameters correspond to the least squares criteria.
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Rarely, a second amplitude opening was noted in unmodified patches as previously reported
in cardiac channels by others (Cachelin et al., 1983; Kunze et al., 1985; Scanley and Fozzard,
1987; Patlak, 1988). The amplitude was ~40% of the more common amplitude, and in one
patch with sufficient low amplitude events to permit reliable analysis, the MOT of the high
and low amplitude events were similar. Because of the rarity of the lower amplitude event

in control patches, further analysis was not undertaken.

In 2 mM Ca?*, three levels of unitary current were observed after TMO pretreatment.
All three levels were simultaneously present in the patch analyzed in the Figure 11, panel B.
In panel C, only the largest and the smallest current levels are present. Panel D contains only
the middle current level. All combinations of the three levels were seen except that the

smallest current level was never seen in isolation.

Current-voltage curves with 2 mM Ca?* and 280 mM Na* in the patch pipette for
each of the three conductance states found in TMO-treated and the single conductance state
in control patches are shown in Figure 12. In order to construct these curves, open channel
amplitudes in a given patch were assigned to one of the three levels. The largest current level
was easily distinguishable from the smallest level, especially if both levels existed in a patch.
Otherwise, current amplitude values were assigned to the level with a mean value closest to
that amplitude. Because the differences between unitary current levels were large compared
to the variance of the measurements, the assignments were usually unambiguous. As
estimated by a weighted least squares linear regression of the mean unitary currents, the 'yN;’s
for the three current levels in TMO-treated patches were 10.7 £ 1.7 pS (m), 11.2 £ 2.2 pS (s),
and 14.8 + 2.4 pS (4)in 280 mM Na*and2 mM Ca?*. Statistically indistinguishable estimates
of YNa., 9.8 £ 1.8 pS (n=5), 11.3 £ 1.5 pS (n=6), and 15.3 + 1.7 pS (n=4), were obtained by
averaging yy,'s calculated patch-by-patch. Although the largest conductance level in TMO-
treated patches was ~20% smaller than that in control, 18.6 + 0.9 pS, the difference was not

statistically significant (p = 0.17). In contrast to the similarity of ~yy, for levels 2 and 3, the
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Figure 12. Current-voltage relationships for each of the three current levels produced by
TMO pretreatment. Within each patch, unitary currents were assigned to one of the three
levels as described in the text. The symbols represent the mean current at a given test
potential, and error bars (+ 1 SE) are shown when they exceed the symbol size. The 7y, for
each of the three levels was estimated by a weighted least squares linear regression of the
mean unitary current at each voltage. The qy,’s for the three current levels in TMO-treated
patches were 10.7 + 1.7 pS (m), 11.2 + 2.2 pS (), and 14.8 + 2.4 pS (4#) in 280 mM Na* and
2 mM Ca?*. For comparison, the current-voltage curve from Figure 8 for unmodified Na*
channels under identical conditions is superimposed (v, 18.6 + 0.9 pS). Based on a Student’s
t test for homogeneity of two slopes, the 7y,’s for the control Na* channel and the largest
current level in TMO-treated patches were statistically indistinguishable (p = 0.17).
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unitary currents were clearly distinct. For example at -50 mV, the unitary currents were 55,
86, and 95% of the control unitary current. This apparent disparity arises because the
extrapolated reversal potential for level 2, 107 + 26 mV, is significantly more positive than
that for level 3, 47 + 14 mV. With the limited voltage range of the data, one cannot

distinguish between differences in rectification and in the reversal potential, however.

Effects of Carboxyl Modification on Mean Open Time

When at least two different unitary current levels were observed in the same patch,
analysis of the MOTs showed that a reduction in yy, was always associated with a reduction
in the MOT. This relationship is illustrated in Figure 13. At each test potential, openings to
different levels in the same patch are connected by a solid line. In 14 of 14 pairs, MOT was
shorter for openings to a lower current level (p < 0.01). Thus within the same patch, there
was a clear linkage between the amplitude of the unitary current and the dwell time in the
open state. Analysis of the relationship between 7y, and MOT for channels within the same
patch excludes any confounding effects of cell-to-cell variations in Na* channel regulation

and of E | in series with the patch.

Na* channel MOT also was effected by elevating Ca®* from 2 to 10 mM and by
carboxyl modification in 10 mM Ca?*. Figure 14 shows the relationship of MOT to voltage
under several conditions. At depolarized potentials, pretreatment with TMO affected the
MOT-voltage relationship in an opposite manner from elevations in Ca?* alone. Howevelr,
neither changes in Ca?* nor TMO-treatment altered MOT at more negative potentials. By
itself, increasing Ca?* from 2 mM (a) to 10 mM (4) resulted in a prolongation of the MOT
at potentials positive to -30 mV. In high Ca?*, pretreatment with TMO (m) resulted in a
decreased MOT at potentials positive to ~-35 mV. The decrease in MOT in 10 mM Ca?* at
positive potentials after TMO-treatment bore some similarity to the previously described link

between TMO modification and a decrease in MOT in low Ca%*. In 2 mM Ca?*, however,
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Figure 13. Mean open time (MOT)-current level relationships in single patches after TMO
pretreatment (pipette solution, 280 mM Na* and 2 mM Ca2*). Current levels present in a
single patch at a given voltage are connected by a solid line. At each voltage tested (e,
-60mV; s, -50mV; m, -40mV; ¢, -30mV; v, -20 mV), a reduction in unitary current is
associated with a decrease in the MOT. The linkage between a reduced unitary current and
a shorter dwell time in the open state is present in all 14 pairs and is highly significant
(p < 0.01) by a Wilcoxon signed rank sum test.
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Figure 14. The effect of Ca%* and carboxyl reagents on the mean open time-voltage
relationship. At depolarized potentials, pretreatment with TMO affected the MOT-voltage
relationship in an opposite manner from elevations in Ca%* alone. However, neither changes
in Ca?* nor TMO-treatment altered MOT at more negative potentials. By itself, increasing
Ca?* from 2 mM (s) to 10 mM (4) resulted in a prolongation of the MOT at potentials positive
to -30 mV. In high Ca?*, pretreatment with TMO (m) resulted in a decreased MOT at
potentials positive to ~-35 mV. In contrast to the lack of effect of TMO pretreatment or Ca%*
elevation on MOT at negative potentials, WSC altered channel gating near threshold. With
10 mM Ca?* in the pipette, WSC exposure resulted in a decreased MOT at all potentials
tested (o).
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TMO pretreatment seemed to decrease MOT even at more negative potentials (see Figure 13)
while MOT at the higher Ca?* was unaffected at potentials negative to -40 mV by TMO. In
contrast to the lack of effect of TMO pretreatment or Ca2* elevation on MOT at negative
potentials, WSC altered channel gating near threshold. With 10 mM Ca2?* in the pipette, WSC

exposure resulted in a decreased MOT at all potentials tested (®).

To investigate the basis of the changes in gating, the kinetics of transitions away from
the open state were modeled by open to close state (O—C) and open to inactivated state (O—I)
transitions which have opposite exponential dependencies on voltage (e.g., Scanley et al.,
1990). The rate constant of transition (K) away from the open state was fitted numerically
by the Marquardt method to the sum of two voltage dependent rate constants using the

equation:

MOT™ =K = K_exp(V/S,) + K exp(V/S,)
where K, _and K ; are the O-+C and O—I transition rate constantsat 0 mV, S__and S; are the

slope factors reflecting the voltage sensitivities of the transitions, and V is the test potential.

The major effect of both TMO pretreatment and Ca?* elevation appeared to be in the
voltage range where closings to the inactivated state predominate over those to the closed
state. Figure 15 shows the nonlinear least squares estimation of the observed K's under
conditions of 2 mM Ca2* (panel A), 10 mM Ca2* (panel B), and 10 mM Ca?* after TMO-
treatment (panel C). In panel A, the parameters describing the curve and their asymptotic
standard errors are 0.10 + 0.06 ms'l, -27.3+7.1 mV,1.19 + 0.07 ms™!, and 23.7 + 4.9 mV for
K

Soer Kop» and S; respectively. The parameters from Figure 15A imply that the O--C

oc? “~oc?

transition is relatively insensitive to the transmembrane voltage in 2 mM Ca®*. Soc 18
-27.3 mV, which is equivalent to 1.1 charges moving through the entire transmembrane field.
Increasing Ca?* from 2 to 10 mM caused little change in the O--C rate constant, Ko
(panel B). On the other hand, the O—I rate constant (K;), which dominates the rate of

closing at depolarized potentials, was slowed by 10 mM Ca?*. The voltage sensitivity of this
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Figure 15 Transition rate constant (K) for leaving the open state - voltage relationships in
2 mM Ca?* (panel A), 10 mM Ca?* (panel B), and 10 mM Ca?®* after TMO-treatment
(panel C). The weighted mean K's were fitted numerically by the Marquardt method (SAS
PROC NLIN; SAS Institute, Cary, NC) to the sum of two voltage dependent rate constants:

MOT" = K = K_exp(V/S,) + K,exp(V/S,)

where K and K ; are the O—C and O—I transition rate constants at 0 mV, S__and S ; are the
sloge f actors ancf V is the test potential. The major effect of both TMO pretreatment and
elevation was in the voltage range where closings to the inactivated state predominate
over those to the closed state. In 2 mM Ca?* (Panel A), the parameters of the fit were
0.10 + 0.06 ms™}, -27.3 7.1 mV 1.19 + 0.07 ms™*, and 23.7 + 49 mV forK ., S, ., K ;, and
Sois respectrvely Increasing Ca 2+ from 2 to 10 mM (panel B) caused little change in the O—C
rate constant, K .. On the other hand, the O—I rate constant (K ;), which dominates the rate
of closing at depolarrzed potentials, was slowed by 10 mM Ca ‘g. The voltage sensitivity of
this step (S;) was unaffected by elevating Ca%*. The estimated parameters in 10 mM Ca?*
were 0.18 £ 0.12 ms™! ,-35.5%12.7mV, 0.79 + 0.13 ms™!, and 20.5 10.5 mV for K, S,
Koi, and S, respectlvely TMO pretreatment dramatlcally accelerated K without
srgmfrcantly altermg its voltage sensitivity, S_; (panel C). Agam the parameters reflectmg
O—C transitions were relatively unaff ected.” The parameters in 10 mM Ca?* after TMO
pretreatment were 0.06 + 0.09 ms™!, -20.7 + 10.0 mV, 1.82 + 0.61 ms™!, and 20.3 + 11.6 mV
for K, Soc, and S respectlvely Parameters are reported as the best estimate * the

asymptotlc stan&ard errOI
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step (S,;) was unaffected by elevating Ca?*. The estimated parameters for the curve in
10 mM Ca?*are0.18 + 0.12 ms™}, -35.5 + 12,7 mV,0.79 + 0.13 ms™!,and 20.5 + 10.5 mV for

K,..S,.. K

oc» Socr K> and S ; respectively. The changes in kinetics from panels B to C should reflect

changes in gating as a result of TMO since the data were acquired under otherwise identical
conditions. TMO pretreatment dramatically accelerated K ; without significantly altering its
voltage sensitivity, S; (panel C). Again, the parameters reflecting O—C transitions were
relatively unaffected. The parameters for the curve in 10 mM Ca?* after TMO pretreatment
are 0.06 + 0.09 ms™!,-20.7 + 10.0 mV, 1.82 + 0.61 ms?,and 20.3 * 11.6 mV forK , S, K;,
and S; respectively.

The Na* channel gating characteristics described above bear a striking similarity with
previously reported kinetic analyses. Our results showed that MOT was a biphasic function
of voltage with a peak at ~-40 mV. This relationship has been seen by other investigators as
well (Grant and Starmer 1987, Kirsch and Brown, 1989, Scanley et al., 1990). Also, our
calculated rate constants and voltage sensitivities for the O—C and O—I transitions from
averaged multi-channel patches are comparable to the rates reported for a single channel
patch by Scanley et al. (1990). Extrapolating to 0 mV, their K ; and K _ are about 1.50 and
0.1 ms1, and the slope factors for these transitions are 27 + 4 and -30 + 4 mV, respectively.
These rates and voltage sensitivities are statistically indistinguishable from our results. Our
data also confirms the observation that inactivation from the open state is slightly voltage
dependent. Further, both TMO pretreatment and elevations in Ca%* should have altered the
surface potential and the transmembrane voltage gradient, but neither intervention affected
K,.. This suggests that K__ may be only secondarily voltage sensitive and that a large part of

the voltage sensitivity of Na* channel opening may reside at an earlier C—C transition.

Because transitions between C--O and C—C states also might have been altered by
TMO, ensemble averages were evaluated at -30 mV. Comparing ensemble averages in low

Ca?* from patches with or without TMO pretreatment revealed changes in macroscopic
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kinetics with TMO (Figure 16). As the decay of the ensemble averages were linear to the
level of the noise on semilogarithmic plots, the macroscopic rate of current decay was
estimated by a least squares fit to a single exponential. In general, TMO-treated patches
exhibited an earlier time to peak and a faster macroscopic inactivation. Before TMO, the time
to peak current and the decay rate were 3.8 + 0.5 ms and 4.7 + 0.9 ms (n = 5), respectively.
After pretreatment with TMO, the time to peak current and the decay rate were 2.2 + 0.1 ms
and 2.6 £ 0.2 ms (n = 3), respectively. A4 priori comparisons of means were performed by a
Fisher’s protected least significant difference test, and the reduction in both parameters was
significant (p < 0.05). Although a decrease in MOT is expected to shorten the time to peak,
the more rapid current decay may reflect alterations in the latency before channels open. Also
implying a change in channel latency, a reduction in the time to peak current should be
approximately equal to any decrease in MOT. However, I observed a larger decrease in the
time to peak than in the MOT. This suggests that the rate constants for C—C or C—O
transitions change with TMO preincubation. This inference is consistent with anacceleration
of the macroscopic current decay since it is influenced by channel latency to opening (Aldrich

et al., 1983; Scanley et al., 1990).
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Figure 16. Ensemble averages at -30 mV in 2 mM Ca?* from control (panels A
and C, 150 sweeps) and TMO-treated (panels Band D, 168 sweeps) patches. The decays are
well-described by single exponentials with time constants (tau) of 6.11 ms and 2.65 ms,
respectively. Ensemble averages from TMO-treated patches show an earlier time to peak
current and a more rapid current decay. The linearity of current decay in semilogarithmic
plots confirms that the decays are monoexponential. Although the macroscopic current decay
is often modeled as the sum of two exponentials, Grant and Starmer (1987) found that in at
least 50% of patches from rabbit ventricle the ensemble current decay was well described at
all potentials using a single exponential.
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DISCUSSION

Na* channels in nerve, heart, and skeletal muscle are blocked by a number of divalent
cations including Ca%* (Woodhull, 1973; Yamamoto et al., 1985; Weiss and Horn, 1986a and b;
Sheets et al., 1987; Nilius, 1988a). Since this block is relieved by carboxyl modification, Ca%*
affinity in nerve Na* channels has been attributed to a carboxyl group (Worley et al., 1986).
Contrary to the result of Worley et al. (1986) on reconstituted rat brain Na* channels, block
of cardiac Na* channels by 10 mM extracellular Ca?* was not prevented after preincubation
of isolated myocytes with either 50 mM TMO or 50 mM WSC, reagents thatcovalently modify
external carboxyl groups and eliminate their negative charge. Rather than increasing unitary
Na* currents, as would be expected with the relief of Ca%* block, TMO had no effect on the
amplitude of openings in 10 mM Ca?*, and WSC decreased the unitary current amplitude.
Although exposure to carboxyl modifiers failed to alter cardiac Na* channel properties in
10 mM Ca?*, the effect of TMO was obvious at physiological Ca?* levels. In 2 mM Ca2*,
TMO decreased mean open time and resulted in openings to 3 distinct levels. Our finding of
multiple conductance states after carboxyl modification of cardiac Na* channels is consistent
with brief reports that demonstrate multiple opening levels in batrachotoxin (BTX)-treated
nerve channels exposed to either TMO (Cherbavaz, 1990) or two forms of WSC (Chabala et

al., 1986).

Why are carboxyl reagents inef fective in preventing Ca®* block of cardiac Na* channels? -
The failure of carboxyl reagents to prevent Ca2* block of cardiac Na* channels may
arise from either of two possibilities. Modifiers could fail to react with the site that prevents
Ca?* block, or modifiers could continue to react but fail to induce the conformational change
necessary to relieve Ca2* block. Both possibilities require a difference in the primary amino
acid sequence of the two channels. Analysis of a neonatal rat cardiac Na* channel clone (rat
heart I) confirms that the cardiac and nerve Na* channels are distinct isof orms (Rogart et al.,

1989). Changes in the amino acid sequence of the cardiac channel that could prevent
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modification include a deletion of or substitution for a reactive carboxyl. Alternatively, the
reactivity of the carboxyl group could be reduced by alterations to adjacent amino acids that

hinder access by occupying space or altering the local electric field.

Several lines of evidence suggest that the differences in channel reactivity to carboxyl
modifiers may arise from a single amino acid modification. In nerve Na* channels, carboxyl-
specific modifying reagents not only prevent voltage-dependent Ca?* block (Worley et al.,
1986) but also reduce guanidinium toxin binding affinity (Shrager and Profera, 1973; Baker
and Rubinson, 1975,1977; D’Arrigo, 1975; Reed and Raftery, 1976; Spalding, 1980; Gulden
and Vogel, 1985; Krueger et al., 1986; Worley et al., 1986) and decrease singie channel
conductance when Ca2* is omitted (Sigworth and Spalding, 1980; Chabala et al., 1986;
Krueger et al., 1986; Worley et al., 1986; Cherbavaz, 1990). Because these three effects occur-
red concurrently in an all-or-none fashion in their experiments, Worley et al. (1986) proposed
the one hit hypothesis in which carboxyl reagents modif'y a single group that is responsible for
all three observations. Therefore, a single, naturally occurring amino acid change in the
cardiac channel could explain the lower affinity for guanidinium toxins (e.g., Moczydlowski
et al., 1986b) and the lower unitary conductance under identical conditions (Baumgarten et

al,, 1991).

Results from Stuhmer and coworkers (Noda et al., 1989) also suggest that the failure
of carboxyl agents to relieve Ca?* block of the cardiac Na* channel may result from a single
amino acid change. They found thata point mutation of glutamate-387 to glutamine (E387Q)
renders the rat brain II channel insensitive to TTX and STX and lowers macroscopic current.
They suggest that glutamate-387 may be the carboxyl group modified in nerve channels which
inhibits guanidinium toxin binding, lowers unitary current, and relieves Ca?* block. As
pointed out by Noda et al. (1989), the corresponding glutamate in the rat heart I channel
(amino acid 376) is conserved, but a positively charged arginine replaces a neutral asparagine

as the adjacent residue. Such a substitution might be expected to reduce the affinity of both
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guanidinium toxins and carboxyl modification reagents. Although it is tempting to think that
this site may form part of the binding pocket for both TTX and divalent cations, one cannot
exclude the possibility that a particular substitution alters binding at a distant site by inducing

a conformational change.

Comparison of the primary sequences of the a subunit of rat heart I (Rogart et al.,
1989) and rat brain II (Noda et al., 1986) reveals a number of amino acid alterations that
might account for the ineffectiveness of carboxyl modification to relieve Ca?* block in heart
(see Table I). There are 104 instances where carboxyl residues (aspartate or glutamate) in
nerve are not conserved or would be likely to have decreased reactivity because of
substitutions that alter the charge on the adjacent amino acid (i.e., neutral to positive or
negative to neutral). None of the modified sites are in the putative membrane spanning
segments, and only 23 are tentatively assigned to extracellular positions (Noda et al., 1984;
Noda et al., 1986; Guy and Conti, 1990), including 18 in the S5-S6 linker region. Evidence
implicates part of the S5-S6 linker as the pore-forming sequence in K* channels (for review,
see Stevens, 1991). Two affected carboxyls are included in the SS1 and SS2 segments of this

linker.

Another property, the sensitivity of cardiac Na* channels to block by transition metals
(DiFrancesco et al., 1985; Frelin et al., 1986; Sheets et al., 1988; Tanguy and Yeh, 1988;
Baumgarten and Fozzard, 1989; Visentin et al., 1990), is also relevant. High affinity for
group IIb metals cannot be explained readily by a substitution of a positively charged amiﬁo
acid in rat heart I adjacent to the putative TMO reaction site proposed by Noda et al. (1989).
However, a histidine or cysteine substitution could account for both the high affinity of
cardiac Na* channels for Cd?* and Zn2* and the ineffectiveness of TMO and WSC. It is
noteworthy that sensitivity to transition metals and TTX resistance occur together both in
heartand in several atypical nerve Na* channels (Bossu and Feltz, 1984; Ikeda and Schofield,

1987; Jones, 1987).
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Table I. Selected non-conservative substitutions related to carboxyl-reagents and group IIb

metal sensitivity.

Putative Substitutions Adjacent Residues
Location Brain II Heart I Brain II Heart I

Substitutions for Carboxyl Groups in Nerve Channels

I S1-S82 Asp-153 Pro-156
S2-S3 Glu-182 His-185
Asp-183 Ala-186 Glu-182 His-185
S5-S6 Asp-284
Glu-289
Asp-301 Gly-290
Asp-317 Asp-306 Glu-318 Val-307
Glu-318 Val-307
Glu-321 Asn-310
Asp-322 Asp-311 Glu-321 Asn-310
Glu-330 Asn-319
SS2{ Glu-387 Glu-376 Asn-388 Arg-377
11 S1-S2 Glu-785 Ala-744
S2-S3 Asp-821 GIn-780
S3-S4 Glu-844 Gly-803
S5-S6 Asp-917 Ser-876
Glu-919 Leu-878
III S5-S6 Asp-1376 Asn-1376
Glu-1391 Val-1391
v S1-S2 Glu-1558 Glu-1557 Met-1559 Lys-1558
S3-S4 Glu-1616 Gln-1615

S5-S6 SSI{ Glu-1698 GIn-1697
Asp-1730 Tyr-1729
Glu-1734 Asn-1733
Asp-1736 Pro-1735
Asp-1745 Asn-1743

Substitutions to His and Cys in Cardiac Channels

I S1-S2 Asn-149 His-152
$2-S3 Glu-182 His-185

S5-S6 Asn-276 His-279
Try-362 His-351

SS2( Phe-385 Cys-374

II S5-S6 Cys-912 His-871

Corresponding amino acids in the linkers between the membrane spanning segments of rat
heart I and rat brain II Na* channels. Substitutions in the amino and carboxyl termini and the
linkers between repeats are omitted because of their suspected intracellular location. -,
deletion of amino acid in heart. Standard three letter amino acid abbreviations are used.
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Comparison of the sequences of the a subunit of rat heart I (Rogartetal., 1989) and
rat brain II (Noda et al, 1986) shows that there are 17 histidines and 8 cysteines replacing
other nerve channel residues, but only 5 substitutions are thought to face the extracellular
space. One of these, rat heart I histidine-871, is unlikely to be the cause of enhanced affinity
for group IIb metals because the histidine replaces a cysteine and a positively charged arginine
replaces a neutral adjacent amino acid. It is striking that the remaining 4 substitution sites
are clustered in repeat I (3 in the S5-S6 linker) and that none of the 25 sites is found in the
putative transmembrane segments. Cardiac cysteine-374, replacing phenylalanine, is just two
residues from the TMO reaction site proposed by Noda et al. (1989) and notably is in the SS2
segment. Despite tentative assignment to the inner face of the membrane, cardiac
histidine-185 and histidine-570 also may deserve consideration because they are the only

instances in which a histidine or cysteine in heart replaces aspartate or glutamate in nerve.

The suggestion that a single amino acid substitution may explain the lower
guanidinium toxin binding affinity and the failure of modification to relieve Ca?* block of
cardiac Na* channels may be an oversimplification. Our experiments showed that the Ca%*
binding site was unaltered by exposure to carboxyl modifiers, yet TTX and STX binding is
reduced upon exposure of neonatal rat heart homogenates to TMO (Doyle, D. unpublished).
Taken together, these chemical modification data suggest a dissociation of the guanidinium
binding site and the site responsible for Ca%* block. This conclusion is supported by other
evidence. The guanidinium toxin binding site is not in the electrical field (Ulbricht and
Wagner, 1975; Wagner and Ulbricht, 1975; Krueger et al., 1979; Kao and Walker, 1982; Rando
and Strichartz, 1986), and the voltage dependence of binding seen in BT X-treated channels
is the result of state dependence (Moczydlowski et al., 1984; Moczydlowski et al., 1986c;
French et al., 1984; Green et al., 1987b). On the other hand, electrical measurements suggest
that Ca%* enters and is affected by 25-30% of the transmembrane electrical field (Woodhull,

1973; Yamamoto et al., 1985; Weiss and Horn, 1986a and b; Sheets et al., 1987). Furthermore,
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measurements have failed to demonstrate any interaction between the toxin binding and the
Ca?* blocking sites (Green et al., 1987b) except at very high Ca%* concentrations (Salgado et

al., 1986).

Several studies on nerve Na* channels have demonstrated that the modification of the
guanidinium toxin binding site can be separated from a reduction in current. Rack and Woll
(1984) were the first to show that the highly carboxyl specific reagent N-ethoxy-carbonyl-
2-ethoxy-1,2-dihydroquinoline (EEDQ) reduced the whole cell Na* current without affecting
TTX binding. Later, Gulden and Vogel (1985) showed that exposure of the toad node of
Ranvier to TMO resulted in a decrease in TTX affinity, a decrease in macroscopic Ina, and
a slower inactivation time constant. However, simultaneous exposure of channels to TTX and
TMO reduced Iy, and the inactivation rate but failed to reduce the TTX binding affinity.
Removal of the TTX followed by reexposure to TMO lowered the current further and
reduced the TTX binding affinity without further changes in the inactivation rate. The
ability to dissociate these effects implies that multiple carboxyl groups are modified. Further,
Chabala et al. (1986) were able to demonstrate two discrete conductance decreases without
modification of TTX affinity suggesting that there are at least three carboxyl groups
accessible to modification. In our results, the finding of two lower 7y, implies that TMO

caused two distinct modifications of the cardiac Na* channel.

Low Amplitude Openings

TMO-treated myocytes exhibited openings to three unitary current levels within a
single patch exposed to 2 mM Ca2*. The levels were 55, 86, and 95% of the control unitary
current at -50 mV. Our results are consistent with brief reports on reconstituted, BTX-
treated nerve Na* channels in which TMO (Cherbavaz, 1990) and WSC (Chabala et al., 1986)
cause at least two reductions in 7y, in the absence of Ca?*. In contrast, low amplitude events

were undetected when pipette Ca%* was elevated to 10 mM. One possible explanation is that
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high Ca?* might preferentially reduce the rate of opening to the lower current levels.
However, the enhanced Ca2* block reduces the signal-to-noise ratio making the detection of
low amplitude events more difficult. If the ratio of current amplitudes remained the same in
10 mM as in 2 mM Ca?*, the signal-to-noise ratio should have been sufficient to allow
detection of low amplitude events, at least at more negative potentials. Alternatively, low
amplitude events in 2 mM Ca2* could occur because Ca?* block is enhanced in modified

channels. In that case, unitary currents might be too small to detect in 10 mM Ca?*.

It is unlikely that the subconductance states seen in our experiments can be explained
by previously described subconductance levels. In our experiments, low amplitude events
were considerably more common than those reported previously and clearly had a shorter
MOT than control channels. Furthermore, only two levels of unitary current have been
reported in unmodified cardiac (Cachelin et al., 1983; Kunze et al., 1985; Scanley and
Fozzard, 1987; Patlak, 1988) and skeletal muscle (DeCino and Kidokoro, 1985) Na* channels
in their native membranes. Although the rarity of low amplitude events precluded complete
analysis, the spontaneously occurring second current level is 60% of the more common level
in neonatal rat ventricle, and the MOT is the same or less than that of the more common event
(Cachelin et al., 1983; Kunze etal., 1985). In dog Purkinje fibers, the smaller unitary current
is 33% of the more common level, and based on limited analysis, the kinetics of the two states
appear similar (Scanley and Fozzard, 1987). Cultured neuroblastoma cells show openings to
80% and 50% of the most commonly observed level (Nagy et al., 1983). The smallest openings
are exceedingly rare, and the middle level varies considerably from patch to patch. In
contrast to the rarity of low amplitude openings in unmodified channels, openings to multiple
levels occur frequently in Na* channels treated with agents that inhibit inactivation (Chinn
and Narahashi, 1986; Garber and Miller, 1987; Green et al., 1987a; Nagy, 1987a and b; Urban

et al., 1987; Chinn, 1988; Nilius et al., 1989; Schreibmayer et al., 1989).
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Our results also are unlikely to be explained by an observation of Patlak (1990), who
noticed slowly developing multiple amplitude events when the cytoplasm of ventricular
myocytes was acidified for 10 - 15 min. Although TMO liberates protons on hydrolysis, the
reaction solution initially was pH 8, was buffered by 100 mM HEPES, and the pH fell to only
7.3 during the reaction. Furthermore, the cells were washed aftera 10 min exposure to TMO,

resuspended in pH 7.4 media, and incubated for at least one hour prior to use.

Are multiple unitary current levels substates or unique populations of modified channels?
Because there was more than one Na* channel in each of the patches studied, multiple
opening levels after modification can be explained either by the opening of individual
channels to multiple substates or by modifications that create several populations of channels
each opening to a distinct current level. Transitions between higher and lower conductance

states have been advanced as one method of identif ying substates.

For purposes of illustration of substate behavior, consider a model with only one

closed state and three open states. Several classes of kinetic schemes can be drawn:

C == 0] =05 = 04 (1)
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where C is the closed state and O;, O,, and O4 represent open states with different current
levels. If rate constants for the transitions are stable, all three schemes predict a constant
proportion of O;, O,, and O4 from patch to patch. Recorded with a sufficient bandwidth,

scheme 1 predicts that openings to O; would always precede and follow sojourns in O, and
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Og. Inscheme 2, the channel can open to and close from any current level. Again, transitions
between states would be detected. Meves and Nagy (1989) point out that there is evidence for
schemes analogous to 1 and 2 with only two open states in Na* channels exposed to agents
which inhibit inactivation. The absence of transitions between open states may not rule out
the existence of substates, however. In contrast to schemes 1 and 2, transitions between

substates are absent in scheme 3.

I never detected transitions among the three open current levels in TMO-treated
patches despite the fact that the mean dwell times in each open state were long enough to
resolve clearly. This strongly argues against substates arranged as schemes 1 and 2 but does
not rule out scheme 3. On the other hand, the proportion of openings to each current level
varied greatly from patch to patch (see Figure 11). Such variability is incompatible with all
three classes of models. Consequently, it seems reasonable to suggest that the three levels of
openings represent different populations of channels. The lower conductance states may
represent either sequential modifications of the same channel or two entirely different

modifications of separate channels.

Carboxyl Reagents’ Mechanism of Action

Contrary to the conclusions of Worley et al. (1986), our results indicate that changes
in the surface potential cannot explain all of the effects of carboxyl modification. Elevation
of Ca%* and the elimination of surface charge with modification should have analogous effects
on the transmembrane potential gradient, yet the two experimental manipulations resulted in
opposing changes in the rate of O—I transitions at depolarized potentials (see Figure 14). One
can infer from this divergence that the effect of modification on gating is likely to result at
least in part from a conformational change. A conformational change of the Ca2* binding site
in relation to the selectivity filter carboxyl group could explain the pK_ shift seen by Spalding

(1980) without invoking the hypothesis that TMO directly modifies a carboxyl group in the
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ion permeation pathway. Conformational changes in the Na* channel may also explain the
correlation in nerve between TTX affinity and Ca2* block (Salgado et al., 1986; Worley et al.,

1986) and TTX affinity and vy, (Noda et al., 1989).

Are decreases in conductance also the result of allosteric effects? Although both TMO
and WSC must have eliminated negative charges, a reduction of 7y, in 10 mM Ca?* was noted
in channels pretreated with WSC, but yy, was unaffected by TMO. Assuming the same
carboxyl groups are modified, this suggests that a reduction in the local potential is
insufficient to decrease 7y, and that WSC also must induce a conformation change.
Divergence of the effects of these agents on yy, also may result from the propensity of WSC
to induce crosslinking (Baker and Rubinson, 1975). Cherbavaz (1990) also suggested that a
reduction in surface potential cannot explain the TMO-induced decrease in yy,. She found
that the ratio of vy, at different Na* concentrations and ionic strengths was unaffected by
TMO. In contrast, an agent that reduces yy, only by altering the surface potential should

have a smaller effect at higher ionic strengths because of shielding.

In summary, I have observed that the effects of carboxyl modification of cardiac Na*
channels is different from that of nerve Na* channels. This difference, along with the other
known biophysical and amino acid sequence differences, should help to refine structural
models of various Na* channels. Furthermore, the results of group-specific modification

suggest future directions for site-directed mutagenesis experiments.
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ACUTE EXPOSURE TO 3,5,3’-TRIIODO-L-THYRONINE
INCREASES BURSTING OF CARDIAC SODIUM CHANNELS
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ABSTRACT

Burst mode gating of single cardiac Na* channels contributes to the slowly inactivating
macroscopic Na* current (Iy,) and to a prolongation of the action potential, yet under normal
conditions, bursts carry only a modest amount of the total Iy,. In single channel recordings
from isolated rabbit ventricular myocytes, physiological concentrations of 3,5,3’-triiodo-
L-thyronine (T,) increased bursting as measured by the ratio of long events (LE) to the total
number of events. A long event was defined as a set of openings with a total duration of > 5x
the control mean open time (MOT) for cell-attached patches and with no intervening closings
> 250 us. In the cell-attached patch configuration, addition of 5 nM T, to the pipette
increased the %LE at all potentials examined. The increase had a biphasic voltage-
dependence and peaked at -50 mV, although the largest percentage change from control
occurred between -30 and -40 mV. A similar increase in the %LE occurred with 50 nM T,
suggesting saturation at < S nM. There was no evidence of a change in unitary conductance
or MOT with the increase in bursting. Long events sometimes were grouped into runs, but
the more usual pattern suggested that modal shifts occurred in ~1 s. To investigate the
possible involvement of a second messenger, cell-attached recordings were made with and
without T4 added to the bath. Addition of either 50 or 100 nM Tj to the bath failed to alter
the MOT, unitary current, or %LE. Na* channel gating also was unaffected by patch excision
or by addition of 50 nM Tj to the cytoplasmic face of inside-out patches. Nevertheless, with
5 nM T; in the pipette, patch excision to the inside-out configuration caused a dramatic
increase in the %LE, especially near the threshold potential, and an increase in the MOT.
A shift in the current-voltage relationship (i/V), without a change in the single Na* channel
conductance (qyy,), accompanied the increase in bursts with excision. These results suggested
that T; was not membrane permeable during the time scale of the experiments (~15 min) and

that T,’s action required close proximity to the extracellular face of the Na* channel. T,-
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induced bursting may have been caused by direct binding to the channel, receptor-mediation,
or a generalized sarcolemmal membrane disruption. A shift toward prolonged openings may

contribute to the propensity for arrhythmias in hyperthyroidism.
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INTRODUCTION

For some time, thyroid hormone has been known to modulate cardiac electrophysio-
logical properties. Chronic hyperthyroidism shortens the action potential duration (Freedberg
et al., 1970; Johnson et al., 1973; Sharp et al., 1985) and increases the whole cell Ca* and K*
currents (Binah et al., 1987). These effects seem to be independent of the modulation of the
autonomic nervous system by hyperthyroidism (Margolius and Gaffney, 1965; Cairoli and
Crout, 1967; Aoki et al., 1972; Johnson et al., 1973, El Shahawy et al., 1975). Thyroid
hormone’s action generally is thought to require protein synthesis. However, recent evidence
suggests that 3,5,3’-triiodo-L-thyronine (T) has specific cardiac membrane binding sites and
canimmediately influence the sarcolemmal calcium-ATPase (Rudinger etal., 1984), adenylate
cyclase (Levey and Epstein, 1969; Will-Shahab et al., 1976), the number of S- and

a-adrenergic receptors (Chang and Kunos, 1981), and 2-deoxyglucose transport (Segal, 1989b;

Segal, 1989c; Segal, 1990a; Segal, 1990b). Studies on plasma membrane T, receptors and the

extranuclear effects of T, were reviewed recently by Segal (1989a).

Evidence is accumulating that Na* channels are modulated by a number of hormones
and other endogenous substances. The best studied example is that of adrenergic agonists.
In whole cell recordings, f-receptor stimulation alters the peak macroscopic Na* current (Ina)
in cardiac preparations. There is considerable variability in the direction of the effect,
however. Several investigators have seen an increase (Murray et al., 1990; Lee et al., 1990;
Tytgat et al., 1990; Matsuda et al., 1991) while others have reported a decrease in the peak Iy,
after application of isoproterenol (Hisatome et al., 1985; Ono et al., 1989; Schubert et al., 1989;
Schubert et al., 1990; Sculptoreanu et al., 1991). These divergent results may depend on the
holding potential (Schubert et al., 1989; Lee et al., 1990; Schubert et al., 1990), the internal
Ca?* concentration (Murray et al., 1990), or the basal level of Na* channel phosphorylation

(Matsuda et al.,, 1991). The soluble second messenger cyclic adenosine monophosphate
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(cAMP) has been implicated in the regulation of cardiac Na* currents. Forskolin, nonhydro-
lyzable analogs of cAMP, and cAMP phosphodiesterase inhibitors approximate the action of
isoproterenol. Inaddition to an indirect effect on the Na* channel through cAMP, Brown and
his coworkers (Schubert et al., 1989; Schubert et al., 1990) have proposed that the G protein,
G,, directly inhibits rat heart Na* channels by a membrane limited process. Another report
has implicated at least two G proteins in the modulation of brain Na* channels expressed in
Xenopus oocytes (Cohen-Armon et al., 1989). Experiments with phorbol compounds and
diacylglycerols have pointed to protein kinase C as another possible modulator of Na®*

channels (Moorman et al., 1989; Numann et al., 1991).

A number of other endogenous substances affect Na* channels. Angiotensin II
increases the probability of single channel openings in neonatal rat ventricle (Moorman et al.,
1989). Forskolin (Ono and Fozzard, 1991), lysophosphatidylcholine (Burnashev et al., 1989),
a soluble diacylglycerol (Numann et al., 1991), and two glycolytic pathway metabolites
(Kohlhardt et al., 1989) alter Na* channels by inducing prolonged openings or bursts at the

single channel level.

Here, I report that acute exposure to Ty increased bursting by rabbit ventricular Na*
channels. Preliminary results have been reported elsewhere in abstract form (Dudley and

Baumgarten, 1991b).
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METHODS

Cell Isolation Procedure

Ventricular myocytes were isolated from New Zealand white rabbits (1.5-2.5 kg) by
a collagenase-protease digestion procedure (Poole et al., 1989). After removal from the
animal, hearts were perfused retrogradely on a Langendorff apparatus for 4 min with a warm
(37°C) modified Tyrode’s solution containing 0.75 mM CaCl,. Tyrode’s solutions consisted
of (in mM): 130 NaCl, 20 taurine, 10 creatine, 5.4 KCl, 0.4 NaH,PO,, 3.5 MgCl,, 5 N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 10 glucose, and CaCl, as noted
(titrated to pH 7.25 with NaOH and bubbled with 100% O,). After rinsing with a nominally
Ca®*-free Tyrode’s solution supplemented with 100 uM ethyleneglycol-bis-(8 aminoethyl-
ether) N,N,N’,N’-tetraacetic acid (EGTA), a low Ca2* Tyrode’s solution containing | mg/ml
collagenase (type II; Worthington Biomedical, Freehold, NJ), 0.1 mg/ml protease (pronase E,
type XIV; Sigma, St. Louis, MO), and 80 uM added Ca2* (total Ca®* ~200 uM) was re-
circulated for 15 min. Then, the ventricles were isolated, cut into small pieces (~5 x 5 mm),
and divided among three flasks containing 3 ml of the enzyme solution with the addition of
10% bovine serum albumin. The flasks were gently shaken for up to 15 min in a Dubnoff
metabolic shaking incubator maintained at 37°C. Single myocytes were separated from the
undigested material by filtration through nylon gauze (250 sm pore size). Isolated cells were
washed twice and stored at room temperature in a Kraft-Bruhe solution containing (in mM):
88 KOH, 80 glutamic acid, 11 glucose, 10 taurine, 10 KH,PO,, 10 HEPES, 0.5 EGTA, 2.5
KCl, 1.8 MgSO, (titrated to pH 7.2 with 1 N KOH). This procedure consistently yielded

>70% Ca®*-tolerant, rod-shaped cells.

Addition of T3 and TAA
The standard pipette and bath solutions consisted of (in mM): 280 NaCl, 2 CaCl,,

10 HEPES (pH = 7.4) and 140 K -aspartate, 10 EGTA, 5 HEPES (pH = 7.4), respectively. The
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high Na* concentration in the pipette solution increased the signal-to-noise ratio and
improved the resolution of channel openings and kinetics. The bath solution depolarized the
cell membrane in series with the cell-attached patches to near 0 mV. A 10 uM stock solution
of 3,5,3’-triiodo-L-thyronine (Tg; Sigma, St. Louis, MO; purity ~98%) was made fresh each
day and stored at 4°C. T, was solubilized by addition of 3-4 drops of either 1 N NaOH or
KOH depending on whether the stock solution was to be added to the pipette or bathing
solutions. Either 5, 50, or 100 ul were added to 10 ml of pipette or bathing solution for a
final concentration of 5, 50, or 100 nM T;. A 10 uM stock solution of triiodothyroacetic acid
(TAA; Sigma; purity ~95%) was made in an analogous fashion to that of T, except that
alkalinization was not necessary. TAA was added to the pipette solution giving a final

concentration of 50 nM. The chemical structure of T, and TAA are shown in Figure 17.

The experimental chamber was pretreated with 5 gg/ml human fibronectin
(Collaborative Research Inc., Bedford, MA) and 100 i:g/ml poly-L-lysine hydrobromide
(Sigma; MW > 300,000) in order to affix cells to the chamber floor. Omission of fibronectin
did not affect the results. Bathing solutions were cooled to 10 + 1°C during passage through

~50 cm of polyethylene tubing embedded in an aluminum block attached to a Peltier device.

Solution changes were effected by an electronically-controlled 4-way valve mounted on the
microscope stage. The valve’s output was directed at the test cell through a glass pipette, and
the solution flow rate was ~1 ml/min. With this perfusion system, solution changes occurred

within < 5 s. The bath volume was maintained at ~500 il by aspiration.

Single Channel Recordings

Unitary Na* channel currents were measured with a List EPC-7 patch clamp amplifier
in the cell-attached and inside-out patch configurations (Hamill et al., 1981). Experimental
conditions which minimized the number of channels in a patch were employed. The patch

electrodes were pulled from 7740 Corning Pyrex borosilicate glass (Glass Co. of America,
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Figure 17. The chemical structures of triiodo-L-thyronine (T;) and triiodothyroacetic
acid (TAA). Tj is amphipathic and zwitterionic at physiological pH. TAA also is amphi-
pathic but is anionic at physiological pH.
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Bargaintown, NJ), coated twice with Sylgard 184 (Dow Corning, Midland, MI) to improve
their capacitive properties, and heat polished. Resultant electrode tip resistances were 5-
10 MQ when filled with the standard pipette solution. Patches made using these electrodes

typically contained 2-4 channels.

Pulse protocols, data acquisition, and analysis were computer directed by programs
written in ASYST (Keithley, Rochester, NY). In all but two patches, the holding potential
was -130 mV, and step depolarizations 45 ms in duration were applied at 1 Hz. Current
records were digitized at 10 kHz (12 bits) after filtering at 2 kHz (-3 dB, 8-pole Bessel).
Capacity transients were canceled by a combination of analog circuitry and subtraction of
averaged null sweeps. The baseline current wasset to 0 pA sweep-by-sweep to adjust for any
changes in the leak current. The half-amplitude threshold criterion was applied in assigning
openings. To eliminate the effect of filtering (t;y_9o~0.08 ms) on unitary current deter-
minations, open channel amplitude histograms were calculated after excluding the first and

last points above threshold.

To quantify the increase in bursting seen with T, groups of openings separated by
closing of < 250 us were considered to be part of the same event. If the sum of the open and
closed times of an event exceeded 5-times the mean open time (MOT) for control channel at
the same voltage, the group was considered as a single long event (LE). Openings > 5-times
the control MOT without apparent interruptions were also considered LEs. These openings
may represent either a single sojourn in the open state or a burst of openings with intervenir-xg

closings that were too brief to detect.

LEs were a relatively rare occurrence. Testing for significant nonrandom clustering
of the sweeps containing similar gating was performed by a runs analysis (Horn et al., 1984;

Grant and Starmer, 1987; Nilius, 1988b; Moorman et al., 1990). A group of uninterrupted,
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sequential sweeps containing similar gating (i.e., LEs or no LEs) was considered as a run. A

Z value was calculated based on the formula

= Roh—Rmd _ R, - 2Np(1 -p)
L/ 2{Np@ -p)

where R _, . is the observed number of runs, Rp‘_ed is the number of predicted runs based on

obs
a binomial probability of occurrence, o is the standard deviation, N is the total number of
sweeps, and p is the relative frequency of sweeps containing the property of interest (i.e., the
number of sweeps with LEs / total number of sweeps). A Z value of < -1.64 indicated
significant undermixing of sweeps with different types of gating at the 5% levei (one-tail).

Experiments with R . < 10 were excluded since the approximation to a normal distribution

is untenable.

Statistical analyses of multiple, unpaired observations were carried out using two-way
analyses of variance (ANOVA). Reported yy,s were based on weighted linear least squares
fits and were compared by a Student’s t test for homogeneity or by a one-way ANOVA and
an F-ratio test. MOTs were based on a monoexponential least squares fit to the open time
histograms. A paired t test was used to assess the effect of a treatment upon a single patch.
A priori multiple comparisons of means were performed with a Fisher’s protected least
significant difference test. Nonlinear curves were fitted by the DUD method with PROC
NLIN (SAS Institute, Cary, NC) or by the Marquardt method in ASYST. Measured values are

reported as means + SE.
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RESULTS

The Effect of T3 on Na* Channel Gating in Cell-Attached Patches

Cardiac Na* channel gating was altered by the addition of T to the pipette solution.
Figure 18 comparestypical, consecutive current records at steps to -50 mV from cell-attached
patches with or without Ty in the pipette. Panel A shows the typical unitary current and
gating behavior for cardiac Na* channels exposed to 280 mM Na* and 2 mM Ca2*. Panel B
displays sweeps recorded from a separate patch with 5 nM T, in the pipette solution.
Channels exposed to Ty typically exhibited two types of unitary events. One population of
openings appeared like those in control patches, and a second population exhibited bursting
(i.e., prolonged openings interrupted by brief closings). From the time of seal formation, the
onset of bursting was consistently less than the time required to adjust the capacity
compensation and initiate recording (i.e., <30 s). This modification of gating was considerably
faster than the time required for appearance of the earliest DNA transcription product
induced by T3 (Oppenheimer, 1985), implying that the observed effects were independent of
the hormone’s nuclear effects. Once induced, bursting continued for the duration of the
experiment (up to 30 min). Occasionally, however, channels exposed to extracellular T, failed
to display any obvious change in gating behavior. Patch excision has been reported to
increase bursting (Horn and Vandenberg, 1986; Nilius, 1988b; Kirsch and Brown, 1989).
Therefore, I verified to the extent possible that patches remained cell-attached throughout the
experiment by visual inspection upon withdrawing the electrode and by the lack of a

characteristic shift in the i/V relationship upon excision (vide infra).

At times, the bursts induced by 5 nM T4 in the pipette clustered together. Figure 19A
shows consecutive traces recorded from steps to -30 mV in a cell-attached patch. In the first
several traces of this multichannel patch, a single Na* channel appears to remain open for tens

of milliseconds after the initial collection of openings. Then, there is an intervening interval
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Figure 18. Consecutive current traces at -50 mV from cell-attached patches with and without
5 nM T, in the pipette solution. Panel A: Typical control recordings with a pipette solution
containing 280 mM Na* and 2 mM Ca?*. Panel B: T, resulted in a second population of long
openings with burst mode gating behavior (sweeps 2 and 9). The induction of bursting
occurred as fast as recording could be initiated, within ~30 s of seal formation. Depolarizing
steps 45 ms in duration were applied at 1 Hz. The step function above each set of sweeps
indicates the timing of the voltage step.
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showing the usual gating pattern followed by one channel returning to the burst mode. The
tendency for bursts to cluster is consistent with past observations on unmodified patches
(Grant and Starmer, 1987; Nilius, 1988b; Kirsch and Brown, 1989; Moorman et al., 1990). In
the presence of T, the grouping of bursts was relatively uncommon, and the rapid switching
of gating modes shown in Figure 18B predominated. To determine if the clustering trend was
significant, I performed a runs analysis (Horn et al., 1984; Grant and Starmer, 1987; Nilius,
1988b; Moorman et al., 1990). Sweeps were divided into two classes, records containing at
least one LE and records without any LEs. Sweeps without a LE included records without
openings and records containing openings or bursts with a duration of < 5 control MOTs. In
unmodified cell-attached patches, 0 of 17 experiments showed statistically significant
clustering of sweeps containing LEs where as 7 of 12 experiments showed clustering with
5 nM T, in the pipette. When pipette T, was increased to 50 nM, only 1 of 8 experiments
demonstrated clustering. The decrease in clustering at higher T3 concentrations may reflect
experimental variability, an acceleration of modal shifts beyond the frequency detectable in
our experiments, or a tendency toward a diminution of T ’s immediate effects at high
concentrations (Segal, 1989a). Since I recorded traces at | Hz, the moderate level of clustering

with 5 nM T, suggested that the duration of the bursting mode usually was ~I s.

Another feature demonstrated by the records in Figure 19A is the transition from the
typical unitary current to a lower level within a burst. The smaller current level was a
sporadic finding. I infrequently observed openings to or closings from this state, and I did
not observe this current level outside a burst. This suggests that the lower current level
represents a substate closely associated with burst mode gating. The relative rarity of the low
amplitude events precluded quantitative analysis. A substate during bursting also can be seen
in recordings from unmodified Na* channels (Kohlhardt et al., 1987; Nilius, 1988b) and has

been reported to constitute < 5% of the burst duration (Patlak and Ortiz, 1989).
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Figure 19. Current traces and open probability diary showing runs of bursts in the presence
of 5nM T,. Panel A: Twenty consecutive traces recorded at -30 mV from a cell-attached
patch show grouping of bursts. In this multichannel patch, a single Na* channel remained
open for tens of milliseconds. Normal gating (sweeps 12-15) intervened between runs of
bursts (sweeps 1-11 and 16-20). The dotted line represents the closed, zero current level.
Long runs were relatively uncommon, however, and rapid shifts of gating modes as in Figure
18A were more typical of the effect of T;. Also, note the occurrence of transitions between
the main conductance level and a lower conductance state in sweeps 4 and 8. Panel B: Open
probability multiplied by the number of channels in the patch (Np) per sweep as a function
of the sweep number for the same patch as panel A. Between sweeps 11-22 and 59-79, Np
was markedly elevated. The horizontal line demarcates the sweeps shown in panel A.
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In Figure 19B, the open probability per sweep is shown for the same patch illustrated
in panel A. The open probability (Np) was defined as the time channels were open as a
fraction of the test pulse duration (45 ms) and was equivalent to the number of channels in
a patch (N) multiplied by the open probability of a single channel (p). Since the patch shown
had multiple channels, Np occasionally exceeded unity. Consistent with a grouping of bursts,
the Np shows a marked elevation between sweeps 50 and 79 and a less impressive grouping

between sweeps 11 and 22.

The effect of T4 on unitary conductance also was evaluated. Open channel amplitude
histograms were well fitted by a single Gaussian function in control patches as wéll as patches
exposed to 5 or 50 nM Ty in the pipette. Figure 20A shows the i/V relationships constructed
from the amplitude histograms. Channels exposed to T3 exhibited no change in vy, or

reversal potential (E,,,) from control values. The yy,s were 18.5 + 0.9 pS, 15.5 + 1.0 pS, and

rev
17.5 + 2.0 pSin control patches (¢) and patches exposed to 5 (a) or 50 nM T, (m), respectively.
As compared with control, there was no significant effect on vy, of 5 (p = 0.26) or 50 nM T,
(p = 0.67). Extrapolated E_ s of 81.3 + 8.2 mV (p = 0.16) and 66.3 + 10.9 mV (p = 0.70) for
channels exposed to 5 or 50 nM T, respectively, also were not statistically different from an

E,.., of 59.6 + 7.8 mV for control channels. Thus, T3;-modified channels appeared to have the

same conductance properties as control channels.

Figure 20B depicts the voltage-dependence of the dwell time in the open state. The
biphasic MOT-voltage relationship of control cardiac Na* channels (¢; Kirsch and Brown,
1989; Scanley et al., 1990; Dudley and Baumgarten, 1991a) remained unchanged in cell-
attached patches exposed to either 5 (»; p = 0.82) or 50 nM T, (w; p = 0.22). Even in the
presence of bursting, I found that a single exponential was sufficient to describe the open
time distribution for openings < 10 ms in duration. Too few longer events were detected for
a reliable biexponential fit to the data over a wider range. A monoexponential open time

distribution is consistent with other reports from unmodified cell-attached patches in the
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Figure 20. The effect of T, in the patch pipette on unitary current and mean open time
(MOT) in cell-attached patches. Panel A shows the unitary current-voltage relationship in
cell-attached patches under control conditions (¢) and with either 5 (s) or 50 nM (®) T; in the
pipette solution. As compared with control, there was no statistically significant effect on
unitary current of either 5 (p = 0.26) or 50 nM T, (p = 0.67). The unitary conductance of
control Na* channels was 18.5 + 0.9 pS and was 15.5 + 1.0 pS and 17.5 + 2.0 pS in patches
exposed to 5 or 50 nM T, respectively. As shown in panel B, neither 5 (s; p = 0.92) nor
50 nM T, (m; p=0.22) significantly altered the biphasic MOT-voltage relationship as
compared with control. Therefore, the MOT was unaffected by the number of bursts induced
by Ts. In both panels, data points represent the means of up to 18 experiments, and error
bars (+ SE) are shown when they exceed the symbol size.



73

presence of bursts (Kunze et al., 1985; Patlak et al., 1986; Grant and Starmer, 1987; Kiyosue
and Arita, 1989; Nilius, 1988b; Moorman et al., 1990). Some investigators, however, have
found evidence for a biexponential open time distribution in unmodified cell-attached (Patlak
and Ortiz, 1986; Kirsch and Brown, 1989) or excised patches (Nilius, 1988b; Josephson and
Sperelakis, 1989) displaying bursts. Figure 20B also suggests that the MOT calculated from
all of the openings in a patch is relatively insensitive to the number of bursts. However, when
analyzed separately, openings within bursts in unmodified channels usually have longer MOTs
than openings outside bursts (see Discussion; Patlak and Ortiz, 1985; Patlak and Ortiz, 1986;
Grant and Starmer, 1987; Kohlhardt et al., 1987; Kiyosue and Arita, 1989; Moorman et al.,

1990).

The effect of 5 (s) or 50 nM T, (m) in the pipette on the %LE (long events/total
number of events x 100) as a function of voltage in cell-attached patches is shown in
Figure 21. Assuming that the control open time distribution was monoexponential, the
predicted number of %LE is exp(-5-MOT/MOT) or 0.67%. The actual %LE observed in
control patches was 2.5% at -60 mV and decreased to 1.2% at -10 mV. The discrepancy
probably resulted from missed closings, inclusion of openings and closings of separate
channels in close proximity, and occasional bursting in control records. Using a similar
definition for a burst, Nilius (1988b) reported 2.8% of depolarizations of unmodified patches
in the cell-attached mode elicited bursts. As compared with control, addition of either
5(p <0.01) or 50 nM T4 (p < 0.01) resulted in an abrupt increase in the %LE. There was no
difference in the effect of 5or 50 nM T4 (p = 0.97), and therefore, the response to T,
appeared to saturate at <5 nM. This saturation level is consistent with a maximal acute
increase in 2-deoxyglucose uptake at 1 nM T, (Segal, 1989b; Segal, 1990a; Segal and Ingbar,
1989) and a maximal acute stimulation of the rabbit cardiac sarcolemmal calcium-ATPase
activity at 100 pM (Rudinger et al., 1984). While the largest %LE with T, occurred near

threshold, the greatest increase from controls occurred at -30 to -40 mV. Consequently, there
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Figure 21. Effect of T in the pipette on percent long events (%LE) as a function of voltage
in cell-attached patches. Events were defined as a group of openings with intervening closed
intervals < 250 us. To be considered as a LE, the total duration of a single opening or an
event must exceed 5x the MOT for control channels at the same voltage. The %LE was
calculated as the ratio of LEs to the total number of events multiplied by 100. The %LE was
significantly greater than in control with either 5 (+; p < 0.01) or 50 nM T, (& p < 0.01) in
the pipette. The effects of 5 and 50 nM T3 on %LE were statistically indistinguishable
(p = 0.97) indicating saturation at < 5 nM. While the largest value of %LE occurred near
threshold, the largest deviations from control were at -30 to -40 mV.
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was a striking difference in the voltage dependance of the % LE between control channels and
channels exposed to extracellular T;. With T, in the pipette, the %LE was biphasic and
reached a maximum at -50 mV while the %LE of control patches seemed to decrease from -60

to -40 mV and remain unchanged at more positive potentials.

Extracellular TAA, an analog of Ty which does not induce DNA transcription
(DeNayer, 1987), also increased the %LE in a manner similar to T,. The voltage dependence
of the %LE with 50 nM TAA (v) in pipette is shown in Figure 22 and is comparable to that
of 50 nM T, (m). There was considerable variability in the effect of TAA, however.
Therefore, only the %LE at -40 mV was significantly different from that of control channels
(#; p<0.05). The fact that TAA induced bursting also suggests that this behavior is

independent of the cell’s nucleus.

There are many reports suggesting a slowly inactivating component of the cardiac
macroscopic Iy, (Reuter, 1968; Brown et al., 1981; Patlak, 1984; Carmeliet, 1987; Follmer et
al., 1987). Single channel studies have correlated the late Na* current with late reopenings
which come in two forms, brief background openings and bursts (Kunze et al., 1985; Patlak
and Ortiz, 1985; Patlak and Ortiz, 1986; Grant and Starmer, 1987; Kohlhardt et al., 1987;
Kiyosue and Arita, 1989; Josephson and Sperelakis, 1989; Moorman et al., 1990). Bursts
contribute up to 85% of the slowly inactivating I, (Patlak and Ortiz, 1986). As might be
expected with an increase in bursting, ensemble average current decays with T in the pipette
showed a second, slow decay rate. Figure 23A shows a typical ensemble average at -30 r\nV
from a patch exposed to Ty in the pipette. The dashed line represents the least squares fit to
a single exponential. The current decay is better described by the sum of two exponentials
as shown by the solid line. The time constants of this decay were 3.7 £ 0.1 ms and
21.5 £ 2.7 ms. The presence of two components of the decay was confirmed by the bend in
the semilogarithmic plot of the ensemble (panel B). In this example, the amplitude of the

slower component was only 2.5% of that of the faster component. A second, slow component



76

5_
W 50 nn T3
4= ¥ S0 nH TAA
€ Control
@ Bl
=
(11}
> 3—
[0%]
o _
=
[=]
-1
e 2
14
o

-70 =50 -30 -10
Menmbrane Potential (mV)

Figure 22. Effect of triiodothyroacetic acid (TAA) in the pipette on the %LE as a function
of voltage in cell-attached patches. The %LE for control (¢) and the 50 nM T, (m) are
repeated from Figure 21. TAA is an analog of T, that does not stimulate DNA transcription.
Addition of 50 nM TAA (v) to the extracellular face of the Na* channel increased the %LE.
Because of the high degree of variability in the effect of TAA, only the value at -40 mV was
significantly different from control (p < 0.05). The increase in %LE with thyroid hormones
does not appear to have the same specificity as the nuclear thyroid hormone receptor.
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Figure 23. Ensemble average of single channel currents from a cell-attached patch with
5 nM T in the pipette. Panel A: Ensemble at -30 mV. The dashed line illustrates a mono-
exponential least squares fit to the current decay. The current decay is better fitted by the
sum of two exponentials (solid line) with time constants of 3.7 £ 0.1 ms and 21.5 £ 2.7 ms and
amplitudes of -16.2 £+ 0.9 pA and -0.4 £ 0.1 pA, respectively. The amplitude of the slow
component was only 2.5% of the fast component. Panel B: The bend in the semilogarithmic
plot of the same ensemble confirms the existence of two components of the current decay.
A second component could not be identified in some ensembles from records with bursts. The
time a Na* channel spends in the burst mode is a small percentage of the total open time, and
thus, the amplitude of the slow component is expected to be small.



78

of inactivation could be detected approximately half the time with T4 in the pipette. Failure
to detect a second component in ensembles from some patches despite evidence of bursts in
the sweeps probably results from the small amplitude of the slow component. Under our
conditions which were optimized for analyzing single channel kinetics by limiting the number
of channels in a patch, ensembles from control patches were well fitted by a monoexponential

inactivation rate (Dudley and Baumgarten, 1991a).

The Role of Second Messengers in the Effect of T4

Table II shows the effects on the %LE of Ty added to the bath with patches in the
cell-attached or inside-out configurations. All experiments were performed at -50 mV
because the greatest change in the %LE occurred at this voltage when T, was added to the
pipette. The %LE before and after the addition of T4 to the bath were compared by paired
t tests. In seven paired experiments on cell-attached patches, neither 50 or 100 nM T,
increased the %LE. The lack of an increase in the %LE at concentrations > 20 times a
saturating dose for T4 added to the pipette implies that T, did not permeate the membrane
during the time course of our experiments (~15 min). If the effect of T3 had been mediated
by a soluble second messenger, the messenger should have been able to diffuse through the
cytoplasm from sites of production outside the patch to the channels within the patch. The
failure to observe gating changes when the electrode isolated the Na* channels in the patch

implies that the effect of T, on gating is not mediated by a soluble second messenger.

To further identify the site of action of T, the hormone also was applied to excised,
inside-out patches. The %LE in seven paired experiments was indistinguishable before and
after addition of 50 nM T, to the cytoplasmic side of the Na* channel. Contrary to some
reports (Horn and Vandenberg, 1986; Nilius, 1988b; Kirsch and Brown, 1989), excision alone
did not increase bursting in our experiments. Our results were more consistent with those of

Burnashev et al. (1989) who saw only rare bursts of control channels in the inside-out
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Table II. T, requires access to the Na™ channel’s extracellular face to induce long events.

Change in Long Events with T,

Condition Control %LE A %LE p
50 nM Tj (in bath, cell-attached) 0.97 + 0.60 (3)* 0.1 £0.2 (4)t 0.33
100 nM T, (in bath, cell-attached)  2.85 + 0.42 (3) 0.8+ 1.1(3) 0.27
50 nM T (in bath, inside-out) 2.72 £ 0.96 (4) 0.1 £+0.4(7) 0.41

* number of experiments

t number of paired comparisons including washout
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configuration. There was considerable variability in the %LE from patch to patch in the
absence of T,, probably reflecting variable rates of bursting. Taken together, the
ineffectiveness of T, applied to the cytoplasmic face of inside-out patches and to the cell
when the channels studied were isolated by the patch electrode suggests that T, requires access
to the extracellular face of the Na‘* channel or to adjacent structures in order to cause a

change in gating.

Patch Excision in the Presence of Pipette T3 Increases Bursting

In the absence of T,, I did not find an increase in the %LE with excision to'the inside-
out configuration (see Table II). However, with T, added to the pipette, excision resulted in
a dramatic rise in the %LE. Figure 24A shows consecutive current records at -40 mV with
5 nM T in the pipette from a patch before and after excision. In the cell-attached mode,
current records showed several long events. With excision to the inside-out configuration,
there was a marked increase in prolonged openings. Panels B and C show diaries of the open
channel probabilities per sweep (Np) for the cell-attached and inside-out configurations,
respectively. As compared to channel behavior in the cell-attached configuration, patch
excision to the inside-out configuration induced an increase in Np and a number of instances

where a channel was open for most of the 45 ms depolarizing epoch.

Figure 25 demonstrates the effect of excision in the presence of pipette 5 nM T, on
the unitary current, MOT, and %LE. In panel A, the i/V curve is shifted upward uplon
excision without a change in conductance. The vy, of cell-attached patches (w) was
15.5 + 1.0 pS and was 15.0 + 0.7 pS after excision (s; p = 0.82). The lack of change in the vy,
suggested that the observed difference in unitary current resulted from a shift in the E_,, or,
more likely, that the membrane potential in series with the cell-attached patch was not exactly
0 mV. Consistent with the analyses of other investigators (Kohlhardt et al., 1987; Kirsch and

Brown, 1989), I found that the open time histogram of all openings in excised patches was
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Figure 24. The effect of patch excision with 5 nM Tj in the pipette. Panel A presents
consecutive sweeps recorded at -40 mV from the same patch before (cell-attached) and after
patch excision (inside-out). In the cell-attached configuration, the Na* channels exposed to
T, show occasional LEs. The number of LEs increased in the inside-out configuration. The
dotted line represents the closed, zero current level. Panel B and C are the open channel
probability (Np) diaries for the cell-attached and inside-out configurations, respectively.
Excision in the presence of T, resulted in a considerable increase the channel open prob-
ability. The horizontal lines demarcate the sweeps displayed in panel A.
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well fitted by a single exponential distribution. On the other hand, Nilius (1988b) and
Josephson and Sperelakis (1989) reported a biexponential open time distribution in excised
patches showing bursts.

As demonstrated in Figure 25B, the MOT of channels exposed to T4 on their
cytoplasmic face was greater for inside-out (s) than for cell-attached patches (m; p < 0.01).
The increase in MOT upon excision was particularly dramatic near the threshold potential.
The voltage dependencies of MOT in both configurations were similar to those reported by
Kirsch and Brown (1989) for rat ventricular Na* channels, but our MOTs were consistently
shorter. The difference in MOTs may represent species variations in the response to excision.
On the contrary, Nilius (1988b) found that excision of patches from guinea pig ventricle
resulted in a biexponential open time distribution. The component with a shorter MOT had
a similar MOT to that of his cell-attached patches and was voltage independent. The second
component, present only after excision, had a longer MOT which increased linearly with de-

polarization. This second component ranged from 0.48 ms at -80 mV to 2.87 ms at -20 mV.

The %LE-voltage relationships with 5 nM Tj in the pipette before and after excision
are shown in Figure 25C. The increase in the %LE in the inside-out configuration (a) was
significantly greater than that observed in the cell-attached mode (m; p < 0.01). For example,
the %LE in the cell-attached position was 3.9 + 0.9 at -60 mV before excision and was
13.3 + 1.8 after excision. The %LE-voltage relationship appeared to have a similar voltage
sensitivity to that in cell-attached patches, but the curve was shifted about 10 mV in the
hyperpolarizing direction. The magnitude and direction of this shift with patch excision is
consistent with other reports (Cachelin et al., 1983; Grant et al., 1983; Nagy et al., 1983;
Fernandez et al., 1984; Kunze et al., 1985; Kirsch and Brown, 1989). The increase in the
MOT and %LE as well as the decrease in unitary current required the presence of T, in the
pipette; neither patch excision alone nor the subsequent addition of 50 nM T, to the cyto-

plasmic face of the channel altered these parameters.
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Figure 25. The effect of patch excision in the presence of 5 nM T, on the unitary current,
MOT, and %LE. Panel A: Patch excision to the inside-out configuration resulted in a shif't
in the i/V curve. The unitary conductance (qy,) in the cell-attached configuration (m) was
15.5 £ 1.0 pSand was 15.0 + 0.7 pS after excision (s). The two values of yy, were statistically
indistinguishable (p = 0.82). This suggests that the change in unitary current results from a
shift in the E ., or that the membrane potential in series with the cell-attached patch was not
exactly 0 mV. Panel B: Excision () increased the MOT as compared with the cell-attached
configuration (m) especially near threshold (p < 0.01). The increase in MOT may reflect the
substantial increase in %LE at threshold voltages with excision. Panel C: %LE before (@) and
after (a) excision. The decrease in unitary current as well as the increase in the MOT and
%LE required the presence of T, in the pipette. Neither patch excision alone nor subsequent
addition of 50 nM T, to the cytoplasmic face of the channel altered these parameters. All
data points represent means, and error bars (+ SE) are shown when they exceed the symbol
size.
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DISCUSSION

Our results showed that T4 can modulate cardiac Na* channels by increasing the
propensity for channels to enter a gating mode characterized by bursts, and the frequency of
bursting was assessed as %LE. This action of T3 was independent of nuclear transduction.
Bursts were noted as soon as recording began (~30 s from the time of seal formation), far too
rapidly to have resulted from the chain of events initiated by T3 binding to its nuclear
receptor. Burst mode gating also was stimulated by TAA, which is inactive at the thyroid
hormone nuclear receptor (DeNayer, 1987). T, required access to the extracellular side of the
Na* channel to bring about bursting. Bursting was enhanced when T, or TAA were included
in the patch pipette, and the %LE dramatically increased when inside-out patches were made
with T, in the pipette. In contrast, adding T4 to the bath while channels in cell-attached
patches were exposed to a T4-free pipette solution or applying T4 to the cytoplasmic face of
inside-out patches failed to increase the %LE. These data suggest that T3 does not cross the
membrane within the time course of our single channel studies and that induction of bursting
does not involve a soluble intracellular second messenger. The modification of single channel
gating by T, was shown to give rise to a second, slow component of the current decay in
ensemble averages and would contribute to a slowing of the overall rate of macroscopic
inactivation. A brief report by Craelius et al. (1990) previously suggested that acute exposure

to T4 slows inactivation of macroscopic Na* currents in neonatal rat heart.

Nilius (1988b) proposed three criteria to establish the existence of modal kinetics. The
criteria are: 1) coexistence of distinct kinetic schemes, 2) a tool that can shift gating between
schemes, and 3) slow transitions between schemes resulting in clustering of records with
similar gating. All three of these criteria were met. Some sweeps contained bursts while
others did not. Addition of T to the pipette increased the number of LEs. Finally, as

demonstrated by a runs analysis, the sweeps with LEs tended to cluster together. The modal
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gating behavior in the presence of extracellular Ty is consistent with previous reports on
bursting of native Na* channels (Horn et al., 1984; Grant and Starmer, 1987; Nilius, 1988b;
Moorman et al., 1990). Besides the present results with T4, forskolin (Ono and Fozzard,
1991), lysophosphatidylcholine (Burnashev et al., 1989), a soluble diacylglycerol (Numann et
al., 1991), and two glycolytic pathway metabolites (Kohlhardt et al., 1989) also induce bursts.
This suggests that alterations in gating may be a common method of modulation of Na*
channels. Modes are also a feature of the L-type Ca2* channels (Hess et al., 1984) and Ca?*-

activated K* channels (McManus and Magleby, 1988).

The Origin of Bursts

Several lines of evidence suggest that burst mode gating is an intrinsic property of
native Na* channels and not the result of separate populations of channels within a patch.
Bursting has been observed in Na* channels from a number of tissues including heart (Patlak
and Ortiz, 1985; Grant and Starmer, 1987; Kohlhardt et al., 1987; Kiyosue and Arita, 1989;
Nilius, 1988b; Burnashev et al., 1989; Josephson and Sperelakis, 1989; Kirsch and Brown,
1989), skeletal muscle (Patlak and Ortiz, 1986; Patlak et al., 1986; Patlak and Ortiz 1989; Zhou
et al, 1991), brain (Moorman et al., 1990), and the GH; cell line derived from rat pituitary
gland (Horn et al., 1984, Horn and Vandenberg, 1986). Because of the variety of temperature,
ionic conditions, and patch configurations in these experiments, bursts are unlikely to result
from a particular experimental maneuver. Using a number of protease inhibitors, Horn and
Vandenberg (1986) confirmed that residual enzymes from the cell isolation procedure were
not creating distinct channel populations. Patlak et al. (1986) and Patlak and Ortiz (1989) have
described changes in gating within a burst, which they called dynamic heterogeneity.
Different gating patterns within a burst suggests that individual channels are capable of
switching kinetic schemes. Finally, Moorman et al. (1990) observed two gating modes when

the rat brain III Na* channel mRNA was injected into Xenopus oocytes. This suggests that
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bursting arises from a single type of channel, although posttranslational modification of some

of the channels cannot be ruled out.

I confirmed bursting in cell-attached patches is a rare but consistent feature of native
Na‘ channel behavior. In our experiments using the cell-attached patch configuration, INa»

E and MOT were not altered when T, in the pipette increased the number of bursts. In

rev?
all cases, the open channel amplitude histograms were well described by a single Gaussian
function, and the open time histograms were monoexponential. Therefore, I found no
evidence for multiple conductance or open states. Also, the increase in bursting upon excision

with T, in the pipette is most simply explained by the alteration of channel kinetics rather

than by the induction of a new population of channels.

Several investigators have reported an increase in bursting of cardiac Na* channels
with patch excision in acutely isolated guinea pig ventricle (Nilius, 1988b) and cultured rat
heart (Kirsch and Brown, 1989). A number of studies suggest that bursting or its macroscopic
consequence, slowing of inactivation, may result from changes in the cytoplasmic constituents
(Chandler and Meves, 1970; Schauf, 1983; Oxford and Yeh, 1985; Horn and Vandenberg,
1986). It is unlikely that changes in ionic constituents alone can account for the gating shifts
in the present experiments. I did not observe any increase in %LEs or prolonged openings
when patches were excised to the inside-out configuration in the absence of pipette T,. Patch
excision also fails to increase bursting in rat ventricular (Burnashev et al., 1989) and rat brain
Na* channels (Kirsch and Brown, 1989). Nevertheless, one element of our findings ar.gues
that a cytoplasmic factor may moderate shifts between conventional kinetics and the burst
mode. While the %LEs were indistinguishable in cell-attached and excised inside-out patches
with control solution, bursting was significantly enhanced by excision when 5 nM T was
included in the pipette solution. Comparing the maximums, 4.4 + 0.8 % of openings were LEs
in cell-attached patches with T, in the pipette, but the %LE increased to 13.3 + 1.8 % after

excision. A comparison of the maximum values excludes the possibility that the change in the
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%LE with excision results from a shift of the %LE-voltage curve along the voltage axis.
Rather, these data suggest that a cytoplasmic factor may stabilize channels in the conventional
mode of gating. The lack of this postulated stabilizing factor may explain the unusually high
number of bursts recorded in the cell-attached mode from rat skeletal muscle ul (Zhou et al.,

1991) and rat brain III Na* channels (Moorman et al., 1990) expressed in Xenopus oocytes.

Kinetic Schemes

Several investigators have proposed that Na* channel bursting may result from a
reversible failure of inactivation (Horn and Vandenberg, 1986; Grant and Starmer, 1987). In
this model, bursts result from repeated transitions between the open and closed states. At
more positive potentials, the rate of closing decreases, so the MOT of openings within a burst
should increase. On the other hand, the inactivation rate is slow near threshold, and its
contribution to the rate of channel closure is small. Therefore, the MOT of openings within

a burst should not differ significantly from the MOT of control openings.

Although this theory explains the origin of bursts simply, several experimental
findings suggest that the model is incomplete. The MOT of openings within bursts in native
channels is considerably longer than the control MOT (Patlak and Ortiz, 1985; Patlak and
Ortiz, 1986; Grant and Starmer, 1987; Kohlhardt et al., 1987; Kiyosue and Arita; 1989). For
example, Kiyosue and Arita (1989) found that the MOT in a burst was 5-times that of the
background openings when measured 10 mV positive to the resting potential. In excised
patches with T, in the pipette, I saw a more modest increase in the MOT of all openings near
threshold. However, Figure 21 indicates that bursting induced by extracellular T, is most
marked between -50 and -30 mV and is less prominent outside of this range. A simple model
in which bursting arises from a reversible failure of inactivation does not predict a decrease

in the frequency of bursts at depolarized potentials.
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I propose the following Markov chain model of Na* channel bursting induced by T .

seeeC=0-1

1

oo Cp— OB# Ig

C, O, and I are the conventional closed, open, and inactivated states, and Cg, Og, and Ig
represent the parallel burst mode closed, open, and inactivated states, respectively. The model
postulates that the burst mode is entered predominately from the open state rather than the
closed state because the biphasic voltage-dependence of bursting parallels the biphasic
voltage-dependence of MOT in control channels (Kirsch and Brown, 1989; Scanley et al.,
1990; Dudley and Baumgarten, 1991a). The Iy state is not required by the present data but
was included on the assumption that T4 modulates transition kinetics rather than preventing
transitions. Entry into the burst mode from the open state predicts that the number of bursts
should be correlated with the number and duration of openings. In unmodified channels,
Patlak and Ortiz (1986) showed the number of bursts is correlated with the number of

openings.

Ty's Mechanism of Action

Our experiments showed an increase in bursting only when T, was applied to the
extracellular face of the cardiac Na* channel. T, could act by binding to another receptor,
by binding directly to the extracellular side of the channel, or by perturbing the membrane
outer leaflet. Specific membrane binding sites for T, exist in the heart and mediate extra-
nuclear effects such as an increase in the sarcolemmal calcium ATPase activity (Rudinger et

al., 1984), an increase in adenylate cyclase activity (Levey and Epstein, 1969; Will-Shahab et
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al., 1976), an alteration in the number of a- and S-adrenergic binding sites (Chang and
Kunos, 1981), and a stimulation of 2-deoxyglucose transport (Segal, 1989a). Modulation of
the sugar uptake rate is one of the most thoroughly investigated actions of T4 at the plasma
membrane level. Nanomolar concentrations of T, cause an immediate enhancement of the
2-deoxyglucose transport in rat heart and other tissues. The effect occurs within minutes, is
independent of protein synthesis, is maximal at 1 nM, and requires a Ca2?* influx for
initiation. This Ca%* influx stimulates adenylate cyclase via a calmodulin dependent event
mediated by a G protein. The resultant increase in cAMP is responsible for stimulating sugar
transport (for review see Segal, 1989a). Our failure to observe an increase in %LE with T,
added to the bath rules out the participation of a soluble mediator other than Ca2*. Although
a role for Ca2* seems unlikely in enhancing Na* channel bursts, it cannot be excluded. A
high EGTA concentration in our standard bath solution should have helped buffer internal
Ca?* minimizing any local charges as the result of Ca?* fluxes through the patch.
Furthermore, Vandenberg and Horn (1986), saw no effect of ATP on the rate of bursting in

GHj cells.

A G protein dependent modulation of bursting could explain the requirement for Ty
in the pipette. G proteins are present in heart (Scherer et al. 1987, Halvorsen and Nathanson,
1984) and affect at least six classes of ion channels by a membrane limited process.
Muscarinic, f-adrenergic, and purinergic receptors are known to affect cardiac channels via
direct G protein pathways (Birnbaumer et al., 1990; Brown and Birnbaumer, 1990). Reports
have demonstrated the involvement of G proteins in the regulation of Na* channel gating by
direct (Schubert et al., 1989; Schubert et al., 1990) and indirect pathways (Schubert et al.,
1989; Schubert et al., 1990; Matsuda et al., 1991). One report has implicated at least two
G proteins in the modulation of rat brain Na* channels expressed in X enopus oocytes. (Cohen-
Armon et al., 1989). The absence of the T3 receptor or a G protein would explain the

sporadic failure to see bursts in patches exposed to extracellular T,. In our experiments T,
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stimulated Na* channel openings, but three out of four reports have indicated an inhibition
of the macroscopic peak Iy, (Cohen-Armon et al., 1989; Schubertet al., 1989; Schubertet al,,
1990) or the single channel probability of opening (Schubert et al., 1989; Schubert et al.,

1990).

The bursting caused by T; may result from perturbations in the plasma membrane
which affect the stability of Na* configurations. Tj is lipophilic (Lein and Dowben, 1961)
and has acute and chronic effects on the lipid structure of rat liver cell membranes
(Schroeder, 1982). A spin labeled derivative of T; shows significant association with
multilamellar vesicles (Lai and Cheng, 1984). Our finding that T3 added to the bath could not
induce bursting in cell-attached patches, along with reports of hypothyroidismassociated with
the failure of carrier mediated transport (Wortsman et al. 1983), suggest that T is not freely
membrane permeable. This concept is consistent with reports of carrier mediated transport
at the level of the plasma membrane (for review see Rao, 1981). Furthermore, the effect of
T, on Na* channel gating is similar to that reported for other lipid soluble substances such as
lysophosphatidylcholine (Burnashev et al., 1989), diacylglycerols (Numann et al., 1991), and
a number of lipid soluble Na* channel toxins such as the alkaloids, pyrethroids, and
brevitoxins (Strichartz et al., 1987). On the other hand, the effects of these toxins are not
completely analogous with those of T since the toxins alter ionic selectivity and are equally

effective when added to either side of the membrane.

Finally, T; may bind directly to the external face of the Na* channel. Presumébly,
this binding would stabilize an open conformation and delay the onset of inactivation. This
mechanism is similar to that described for Na* channel peptide toxins from scorpions, sea
anemones, and cone snails. These toxins may have some structural similarity to Ty since they
are structurally compact (Fontecilla-Camps et al., 1980). The smallest toxin, g-conotoxin, is
comprised of only 22 amino acids (Oliveraet al., 1985). A number of toxins bind sites on the

external face of the channel and alter gating without affecting ion selectivity.
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In summary, I observed an acute increase in burst mode gating of cardiac Na*t
channels with T, in proximity to the extracellular face of the channel. Three possible
mechanisms by which T; delays channel inactivation include receptor mediation, direct
binding to the channel, and a perturbation of the sarcolemma. The increase in bursts may

contribute to the proclivity for arrhythmias seen in hyperthyroidism (Olshausen et al., 1989).
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