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Molecular analysis of the Na™ channel blocking actions of the novel
class I anti-arrhythmic agent RSD 921

2Michael K. Pugsley & *'Alan L. Goldin
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1 RSD 921 is a novel, structurally unique, class I Na® channel blocking drug under development
as a local anaesthetic agent and possibly for the treatment of cardiac arrhythmias. The effects of
RSD 921 on wild-type heart, skeletal muscle, neuronal and non-inactivating IFMQ3 mutant
neuronal Na™ channels expressed in Xenopus laevis oocytes were examined using a two-electrode
voltage clamp.

2 RSD 921 produced similarly potent tonic block of all three wild-type channel isoforms, with
ECs values between 35 and 47 uM, whereas the ECs, for block of the IFMQ3 mutant channel was
110+5.5 um.

3 Block of Na® channels by RSD 921 was concentration and use-dependent, with marked
frequency-dependent block of heart channels and mild frequency-dependent block of skeletal muscle,
wild-type neuronal and IFMQ3 mutant channels.

4 RSD 921 produced a minimal hyperpolarizing shift in the steady-state voltage-dependence of
inactivation of all three wild-type channel isoforms.

5 Open channel block of the IFMQ3 mutant channel was best fit with a first order blocking
scheme with k., equal to 0.114+0.012x 10° M~' s7! and k¢ equal to 12.5+2.5 s~', resulting in K,
of 117431 uM. Recovery from open channel block occurred with a time constant of 1442.7 s~ 1.
6 These results suggest that RSD 921 preferentially interacts with the open state of the Na*
channel, and that the drug may produce potent local anaesthetic or anti-arrhythmic action under

conditions of shortened action potentials, such as during anoxia or ischaemia.

Keywords: Arylbenzacetamide; RSD 921; class I anti-arrhythmic; Xenopus oocytes; Na* channel
Abbreviations: rBIIA, rat brain IIA Na® channel; rH1, rat heart 1 Na"* channel; rSkM]1 rat skeletal muscle 1 Na* channel

Introduction

Voltage-gated Na™ channels are responsible for the initial
rapid membrane depolarization during the early phase of an
action potential in electrically excitable cells. The propagating
action potential behaves as an electrical excitation wave that
results in contraction of the heart, or proceeds down nerve
axons and results in contraction of striated muscle or synaptic
transmission. The diverse functions associated with Na™
channels within various tissues and the differences in
pharmacological properties of Na™ currents have provided
evidence for distinct channel subtypes. Molecular biological
studies have demonstrated the existence of at least eight unique
but homologous mammalian Na* channel « subunits encoded
by distinct genes (reviewed by Goldin, 1995). The o subunit is
the primary, pore-forming subunit of the channel, and is
composed of four homologous domains (I-1V), each of which
is composed of six a-helical transmembrane segments (S1-S6).
Although the o subunit forms the pore, functional properties
of Na™ channels are modified by accessory f subunits when
expressed in Xenopus oocytes (Isom et al., 1992; 1995; Smith &
Goldin, 1998).

The Na™ channel can exist in resting (closed), open (active)
and inactive (non-conducting) states, and the transitions
between those states are both voltage and time-dependent
(Hodgkin & Huxley, 1952). Local anaesthetic and anti-
arrhythmic drugs have been shown to interact differentially
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with each of the states of the channel (reviewed by Strichartz et
al., 1987). Hille (1977) proposed a modulated receptor
hypothesis for the state-dependent interaction of local
anaesthetics with the neuronal Na™ channel. Concurrently,
Hondeghem & Katzung (1977) proposed a similar model for
the interaction of anti-arrhythmic drugs with the cardiac Na™
channel. In general, both models suggest that most clinically
useful local anaesthetic and anti-arrhythmic drugs have a low
affinity for the resting state of the Na™ channel and that the
affinity of the drug is greatest for the open and inactive states
of the channel. This specificity is of fundamental importance
for the drug treatment of cardiac arrhythmias.

Prior to the development of molecular biological techni-
ques, it was difficult to analyse the relationship between drug
block and the state-dependence of Na™* channel block. Agents
that were used to remove the fast component of inactivation,
such as toxins (e.g. veratridine) or enzymes (e.g., trypsin) were
not specific in their actions and resulted in damage to the
channel protein (Armstrong et al., 1973). The lack of specificity
of action of these agents made it difficult to determine if drug
block was dependent on channel inactivation. The identifica-
tion by West ef al. (1992) that glutamine (Q) replacement of
the 11488, F1489 and M 1490 amino acids in domain III-IV of
the neuronal rBIIA Na™ channel (the IFMQ3 mutation)
resulted in the loss of fast inactivation provided a specific
means to examine the relationship between drug block and the
state-dependence of channel block.

RSD 921 (+)-trans-N-methyl-N-[2-(1-pyrrolidinyl)cyclo-
hexyl]benzo[b]thiophene-4-acetamide (Figure 1) is a novel
class I antiarrhythmic drug currently under development as a
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Figure 1 Diagram of the molecular structure of RSD 921.

potent Na* channel blocking agent for use as a local
anaesthetic agent (Beatch er al., 1997) and may possibly be
used in the treatment of cardiac arrhythmias. RSD 921 is the
(+)-enantiomer of a x opioid receptor agonist compound and
is an aryl derivative of benzacetamide (Clark et al., 1988a,b).
Walker et al. (1996) recently developed a sensitive method to
quantify the levels of RSD 921 in rat whole blood as well as
cardiac and neuronal tissue. Their studies showed that tissues
such as the heart rapidly absorb RSD 921. The use of RSD 921
as a potential therapeutic agent was recently examined in an
open label, ascending dose, phase I clinical trial. This study
was used to evaluate the safety of RSD 921 in healthy human
volunteers. RSD 921 was shown to be well-tolerated in
humans, had a half-life of approximately 10 h in man, and
showed no evidence of drug-related adverse effects over the
dose-range that was tested (Bain et al., 1997; G.N. Beatch,
Nortran Pharmaceuticals Ltd., personal communication).

In this study, we used the Xenopus oocyte expression system
to characterize the electrophysiological actions of RSD 921 on
wild-type rat heart (rHI1), skeletal muscle (rSkM1), and
neuronal (rBITA) Na™ channels. RSD 921 blocked all three
Na™ channel isoforms in a tonic and frequency-dependent
manner. The effects of RSD 921 on the non-inactivating
IFMQ3 mutant of the neuronal Na™ channel suggest that the
drug preferentially interacts with the open state of the channel.

Methods

Transcription of RNA and expression of Xenopus
oocytes

The plasmid pSkM2 contains the coding region for the rat
heart (rH1) Na™ channel « subunit (Kallen ez al., 1990), ul
contains the coding region for the skeletal muscle (rSkM1) o
subunit (Trimmer et al., 1989), and pVA2580 contains the
coding region for the rat neuronal ITIA (rBITA) Na™ channel «
subunit (Auld et al, 1990). The pSkM2 plasmid was
generously provided by Dr Roland Kallen (University of
Pennsylvania) and the ul plasmid was generously provided by
Dr Gail Mandel (SUNY Stony Brook). The fast inactivation-
deficient IFMQ3 mutant of the rBIIA Na™ channel contains
substitutions of glutamine (Q) for 11488, F1489 and M 1490 in
the III-IV linker of the channel (West et al., 1992).

Plasmid DNA was linearized by digestion with Asel (rH1)
or Notl (rSkM1 and rBIIA), and RNA transcripts were
synthesized using the message machine SP6 (rH1) or T7
(rSkM1 and rBIIA) RNA polymerase transcription kit
(Ambion, Austin, TX, U.S.A.). Stage V oocytes were obtained
from adult female Xenopus laevis frogs, defolliculated with

collagenase (2 mg ml~") and injected with 50 nl of in vitro
transcribed RNA at a concentration empirically determined to
obtain current amplitudes between 1-5 puA, as previously
described (Goldin & Sumikawa, 1992). The RNAs for the
rSkM1, rBIIA and fast-inactivation deficient IFMQ3 mutant
channels were co-injected with RNA encoding the f, subunit
(Isom et al., 1992) transcribed in vitro from a plasmid encoding
the rat f8, subunit (Smith & Goldin, 1998). The oocytes were
incubated for 48 h at 20°C in ND96 (in mM): NaCl 96, KCI 2,
CaCl, 1.8 and HEPES 5, pH 7.4 supplemented with gentamicin
0.1 mg ml~", theophylline 0.5 mm and  pyruvate
0.55 mg ml~!. All experiments were performed according to
guidelines established by the Institutional Animal Care and
Use Committee of the University of California, Irvine.

Solutions and drugs

All oocyte experiments were performed at room temperature
(20-22°C) in ND96 without supplements. RSD 921, (+)-
trans - N -methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzo[b]thio-
phene-4-acetamide monohydrochloride (a gift from Dr M.J.A.
Walker of Nortran Pharmaceuticals Ltd., Vancouver, BC,
Canada), was solubilized in distilled water as a 10 mM stock
solution prior to dilution to the final concentrations in the
ND96 bath solution. RSD 921 was used at concentrations
ranging from 1-1000 uM. A low volume (0.5 ml) plexiglass
recording bath allowed for efficient exchange (15-30 s)
between control and drug solutions from gravity-flow
reservoirs. A suction device ensured continuous perfusion at
a flow rate of 1-2 ml min~' and maintained a constant fluid
level.

Data recording and analysis

Recording electrodes were prepared from borosilicate glass
using a two-stage P-87 puller (Sutter Instrument Co. Novato,
CA, U.S.A)). Microelectrodes were filled with filtered 3 M
KCl/0.5% low melting point agarose and had resistances
between 0.5—-4.0 MQ. A grounded copper shield was inserted
between the recording electrodes to minimize electrode
coupling. Currents were recorded using a virtual ground
circuit, and the data were filtered at 3 kHz on-line and
digitized at a sampling frequency of 12.5 kHz. Currents were
recorded and analysed using pCLAMP 6.0.4 software (Axon
Instruments, Foster City, CA, U.S.A.). Capacitance transients
and leak currents were corrected by P/4 subtraction, with the
depolarizations for subtraction applied after each protocol.
Non-linear curve fitting was performed using SigmaPlot®
(version 4.0, Jandel Scientific, San Rafael, CA, U.S.A.). Data
are shown as the mean + standard deviation for n experiments.
Statistical analyses were performed using SigmaStat®™ statis-
tical software (Jandel Scientific), with P less than 0.05
considered statistically significant.

Cumulative concentration-response curves for RSD 921
were determined by measuring peak inward current for cells
depolarized from —100 mV (for rSkM1, rBIIA and IFMQ3)
or —120 mV (for rH1) to —10 mV in the absence and
presence of RSD 921 (1-1000 uMm). The more negative holding
potential (—120 mV) was necessary for recording from the
rH1 channel to allow for complete recovery from slow
inactivation (Pugsley & Goldin, 1998). Currents were allowed
to recover from slow inactivation for 10 min before beginning
any electrophysiological protocol. RSD 921 was then perfused
for 5 min into the bath before recording current. The resulting
fractional block of Na™ current by RSD 921 at each
concentration examined was plotted against the log concentra-
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tion of drug, and fitted with the Hill equation, In,=[1+ ([A]/
ECso)™]~'. This equation describes a first order blocking
scheme for the drug-channel interaction, in which Iy, is the
fractional block of Na™ current, [A] is the concentration of
RSD 921, ECs, is concentration of RSD 921 that produced
half-maximal block of the Na™ current and ‘ny’ is the Hill
coefficient describing the stoichiometry of drug binding to the
channel.

The voltage-dependence of Na* channel conductance (G)
was calculated by measuring the peak current during 12 ms
depolarizations ranging from —90—+50mV in 10 mV
increments every 6 s and dividing by (V-V,), in which V is
the test potential and V.., is the reversal potential for Na™.
Reversal potentials were determined by individually fitting
current-voltage data as described previously (Kontis & Goldin,
1993). Conductance values were obtained in the absence and
presence of RSD 921 (100 um), which was perfused onto the
oocyte for 5 min before determining conductance. Peak
conductance values were fit with a two-state Boltzmann
equation of the form G=1*[1+exp(—0.03937*z,,,*(V-V..)],
in which V is the potential of the voltage pulse, V., is the half-
maximal voltage for activation, and z,,, is the apparent gating
charge.

The frequency-dependent effects of RSD 921 were examined
from a holding potential of —100 mV (—120 mV for rHI)
with 35 depolarizations from —100 to —10 mV for 24.8 ms
each. Trains of pulses were delivered at frequencies of 1, 5 and
30 Hz in the absence and presence of RSD 921 (10 and
100 uMm). Current amplitude during each pulse was normalized
to the peak maximal current (pulse number 1) and plotted as a
function of pulse number.

The voltage-dependence of Na™ channel inactivation was
determined using 500 ms conditioning pre-pulses at 15 s in-
tervals from a holding potential of —100 mV (—120 mV for
rH1) to +15 mV in 5 mV increments, followed by a test pulse
to —5 mV for 22.5 ms. The peak current amplitude evoked
during the test depolarization was normalized to the maximum
current amplitude, and plotted as a function of the
conditioning pre-pulse potential in the absence and presence
of RSD 921 (100 um). The data were fit with a two-state
Boltzmann equation of the form I-I,,., *[1 + (exp(V-V.,)/k)] ",
in which I,,,, is the maximal current evoked, V is the potential
of the voltage pulse, V., is the voltage at which 50% of the
current is inactivated (the midpoint of the inactivation curve),
and k is the slope factor.

The kinetics of RSD 921 block of IFMQ3, the fast-
inactivation deficient mutant of the neuronal channel, were
examined by clamping oocytes at —100 mV in ND-96 bath
solution. A single 1000 ms depolarizing plus to +20 mV was
applied and Na™ current recorded. RSD 921 (at 10, 30, 70 or
100 uMm) was perfused into the bath for 5 min and a second,
single depolarizing pulse from —100 to +20 mV was given.
The data were individually fit to either a single (I-
ASIOW*eXp(_t/TSIOW)) or double (1_[(Aslow*exp(_t/Tslow’)+Afasl
*exp(—t/Trs)]) exponential equation, in which Ay, and Ay
represent the proportion of current decaying with time
constants Ty and Tyew, and t is the time interval. If we assume
a first order blocking scheme to describe the dependence of the
blocking rate on the concentration of the blocking drug, as
with the Hill equation in Figure 2, then the apparent rate
constants for binding (k,,) and unbinding (k.;) can be
obtained by fitting the tp values with the equation: 1/
Trast = Kon*[RSD 921]+ ko (Lansman et al., 1986; Valenzuela et
al., 1996). These values can then be used to calculate an
apparent affinity constant, Ky, such that Ky=Xk.q/k,, (Valen-
zuela et al., 1996).

Recovery from open channel block was measured from a
holding potential of —100 mV with a 1000 ms depolarizing
pre-pulse to —10 mV (P;) followed by a variable recovery
period from 240 s to 200 ms, which in turn was followed by a
1000 ms test pulse to —10 mV (P,). When recovery was
examined in control oocytes, the measured currents were
similar but not exactly identical. Thus, to remove the
confounding effect of incomplete channel recovery from
inactivation in control oocytes in the absence of RSD 921,
we subtracted out the current amplitude difference at each
recovery time interval (At) in controls from that of recovery in
the presence of 100 uM RSD 921. This analysis is based on the
assumption that the extent of slow inactivation was compar-
able in the absence or presence of RSD 921. The resulting
corrected fractional peak current recovery amplitude during
the test pulse (P,) was normalized to P, and plotted as a
function of the duration of the recovery time interval (At). The
data were individually fit to a single exponential equation
(I=1-a*exp(—t/1)), in which a represents the proportion of
channels recovering from open channel block with a time
constant 7, and t is the recovery time interval.

Results

RSD 921 effects on wild-type and mutant IFMQ3 Na*
currents

RSD 921 is a novel derivative of the arylacetamide compound
U-50,488H, and it has previously been shown that U-50,488H
reduces the incidence of cardiac arrhythmias by blockade of
cardiac Na™ channels (Pugsley ez al., 1992a,b). Therefore, it
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Figure 2 Concentration-response curves for the effects of RSD 921
on heart ([7]), skeletal muscle (A), neuronal (@), and mutant IFMQ3
(O) Na™ channels. Oocytes were injected with Na™ channel RNA
and currents were recorded in ND96 using two-electrode voltage
clamp, as described in the Methods. Peak Na™ currents, evoked
every 6 s, were measured at test potentials that elicited maximum
inward current (—10 mV). Peak Na™* currents were measured again
after 5 min perfusion of the cell at a flow rate of 1—-2 ml min~' of
ND96 containing increasing concentrations of RSD 921. Data points
represent the means of at least six individual oocytes, and error bars
represent standard deviations. The curves described by the solid lines
were fit by the Hill equation as described in the Methods. The inset
shows a current trace for the neuronal Na™ channel during a
depolarization to —10 mV in the absence and presence of 30 um
RSD 921.
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seemed likely that RSD 921 would also affect Na™ channel
function. To determine if this were the case, we examined the
effects of RSD 921 on the electrophysiological properties of
wild-type rat heart, skeletal muscle and neuronal Na™
channels and a mutant of the neuronal channel (IFMQ3) in
which fast inactivation had been removed. All of the channels
were expressed in Xenopus oocytes and analysed using a two-
electrode voltage-clamp. Oocytes were held at —100 mV for
skeletal muscle, neuronal and IFMQ3 channels and — 120 mV
for heart channels, and currents were evoked by depolariza-
tions to —10 mV every 6 s. This infrequent pulsing protocol
may reveal drug interactions with the resting or open state of
the Na® channel and minimize the effects of frequency
dependent block, therefore providing a reasonable estimation
of the extent to which RSD 921 produces tonic block of Na*
current.

Figure 2 shows the concentration-response curves for RSD
921 on the wild-type and mutant Na™ currents. The smooth
lines represent the best fits of the data using the Hill equation,
with the parameters of the fits shown in Table 1. The
stoichiometries of RSD 921 binding to the Na™ channels were
not significantly different from 1 for any of the channels (ny in
Table 1), suggesting that only one drug molecule is necessary
to block the channel. Unlike many class I anti-arrhythmic
drugs examined in the oocyte expression system, RSD 921
demonstrated potent block of all three wild-type Na™ channel
isoforms. When ECs, values were compared, RSD 921 blocked
heart, skeletal muscle and neuronal Na* channels with similar
potency (Table 1). However, the ECs, for block of the IFMQ3
channel was 2.7 fold less than for the neuronal channel (Table
1). RSD 921 block of sodium channels was reversible (data not
shown). These data suggest that RSD 921 is a potent Na™
channel blocker and that the effect of RSD 921 on Na*
currents does not require fast inactivation of the channel,
although the drug is less potent on the IFMQ3 mutant that
lacks fast inactivation.

RSD 921 did not affect the voltage-dependence of Na*
channel activation

To determine if RSD 921 blocked Na™ channel conductance in
a voltage-dependent manner, the effects of 100 um RSD 921
were examined on the voltage-dependence of heart, skeletal
muscle and neuronal Na™ channel activation (Figure 3). The
concentration of RSD 921 used was chosen to block 75% of
Na™ channel current (EC;s), which would ensure that a
sufficient fraction of channels would be blocked to reveal any
effects on conductance. When the data for conductance were
examined in the presence of drug and compared to the control
data, no significant changes in either V., or slope factor (z,,)
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Figure 3 Effects of 100 um RSD 921 on the voltage-dependence of
conductance of heart, skeletal muscle and neuronal Na* channels.
Conductance was examined by 12 ms depolarizations from
— 100 mV (—120 mV for the heart channel) to potentials ranging
from —90 to +50 mV in 10 mV increments every 6 s and dividing
by (V-V,ey), in which V is the test potential and V., is the reversal
potential for Na™. The reversal potentials were determined as
described in the Methods. The data points in all panels were
determined from at least five oocytes and error bars represent
standard deviations. All curves were fit with a two-state Boltzmann
function as described in the Methods, with the parameters of the fits
in Table 2. Conductance curves are shown in the absence and
presence of 100 um RSD 921. The data for 100 um RSD 921 are
scaled to the maximum to demonstrate the shifts in the voltage-
dependence of conductance.

Table 1 Inhibition of heart, skeletal muscle and neuronal Na* channels by RSD 921

Heart Skeletal muscle Neuronal IFMQ3
Drug ECsp (um) ny’ ECsy (um) ECsp (um) N’ ECsp (um) ‘ny’
RSD921 47+6.8 0.944+0.2 35+3.6 0.914+0.3 37+9.8 1.2+0.3 *110+5.5 1.1+0.1

The concentration-response curves for the effect of RSD 921 on the heart (rH1), skeletal muscle (rSkM1), neuronal (rBIIA) and non-
inactivating (IFMQ3) Na™ channels were determined as described in the Methods in the absence and presence of RSD 921 (1—
100 pm). The fractional block of Na™ current at each concentration was plotted against the log concentration of drug (Figure 2) and fit
with the Hill equation (In, =[1 + ([A]/ECso"]!). In this equation, ECs, is the concentration of drug that produced half-maximal block

>

of the Na™ current and ‘ny

is the Hill coefficient that describes the stoichiometry of drug binding to the channel. Results are

mean + standard deviation for at least five individual cells. *Indicates a statistically significant difference from heart, skeletal muscle and

neuronal channels at P<0.05.
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were observed (Figure 3 and Table 2). Therefore, RSD 921 did
not significantly alter the voltage-dependence of activation for
any of the Na™ channel isoforms.

RSD 921 produced use-dependent block of wild-type and
IFMQ3 Na* channels

Differential block of Na™ channels in closed, open and inactive
states of anti-arrhythmic drugs can result in use-dependent
block, which is an important parameter to assess efficacy
against arrhythmias characterized by rapidly firing action
potentials. Therefore, we examined use-dependent block by
RSD 921 of the three wild-type isoforms and IFMQ3 Na™
channels. The IFMQ3 mutation specifically removes fast
inactivation (West et al., 1992), making it possible to determine
if the inactive state is necessary for RSD 921 induced channel
block. Steady-state tonic block of Na™ current was achieved
using single depolarizing current pulses delivered every 6 s in
the absence and presence of RSD 921. Two concentrations of
RSD 921 were utilized to obtain minimal current block (EC,,)

Table 2 Effect of RSD 921 on Na™* channel conductance

and marked current block (EC;s). Following steady-state drug
block (tonic block), trains of depolarizing pulses were delivered
to assess the extent of phasic block at different frequencies. The
results are shown in Figure 4 for RSD 921 examined at a pulse
frequency of 30 Hz. The per cent of current block during the
35th pulse is shown at frequencies of 1, 5 and 30 Hz in Table 3.

RSD 921 blocked the heart channel in a use-dependent
manner, so that 81% of the current was blocked by 100 um
RSD 921 at 30 Hz (Figure 4A). RSD 921 moderately blocked
(40%) the skeletal muscle and minimally blocked (24%) the
neuronal channels in a use-dependent manner (Figure 4B and
C). Figure 4D shows use-dependent block of the mutant
IFMQ3 channel. During the 1 and 5 Hz series of depolarizing
pulses, significant percentages of all three wild-type Na™
channel isoforms were blocked by RSD 921 at the low and
high concentrations examined. However, the fast-inactivation
deficient mutant IFMQ3 channel showed no significant level of
use-dependent block at 1 and 5 Hz at the same drug
concentrations (Table 3). Rather, only at a very high rate of
channel stimulation (30 Hz) was a frequency-dependent

Heart Skeletal muscle Neuronal
V],’g (mV) Zapp (eU) V],’Z (mV) Zapp (e()) VI /2 (mv) Zupp (e())
Control —22+14 4.740.2 —19+1.6 5.6+0.5 —16+1.5 4.84+0.2
100 um —21+1.6 4.540.3 —17+2.7 5.3+40.6 —13+1.0 51.40.5

Data represent the mean+ standard deviation for five oocytes.
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Figure 4 Effects of RSD 921 on the use-dependent block of heart, skeletal muscle, neuronal and IFMQ3 Na™t channels in the
absence or presence of 10 or 100 um RSD 921. A series of depolarizing pulses of 20 ms duration to — 10 mV were applied from a
holding potential of —100 mV at 30 Hz. The peak currents were normalized to the current during the first depolarization, and
plotted as a function of pulse number. The peak currents measured in the presence of the drug were normalized to the current
during the first depolarization in the presence of the drug. Those currents measured ~80% for the low RSD 921 concentration and
~30% for the high RSD 921 concentration compared to current amplitudes in the absence of RSD 921. The normalization
emphasizes the amount of use-dependent block that developed independently of the tonic block by RSD 921.
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component of block observed. Thus, under identical pulse
conditions, the heart Na™ channel was more sensitive to block
by RSD 921 than was the skeletal muscle or neuronal Na*
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Figure 5 Effects of 100 uM RSD 921 on the voltage-dependence of
inactivation of heart, skeletal muscle and neuronal Na™ channels.
Inactivation was examined using a two-pulse protocol in which
oocytes were held at —100 mV (— 120 mV for the heart channel) and
depolarized every 15s from —90 to +15mV for a duration of
500 ms, followed by a test-pulse to —5 mV for 22.5 ms to determine
channel availability. The data points in all panels were determined
from at least five oocytes and error bars represent standard
deviations. All curves were fit with a two-state Boltzmann function
as described in the Methods. Inactivation curves are shown in the
absence and presence of 100 um RSD 921. The data for 100 um RSD
921 are scaled to the maximum to demonstrate the shifts in the
voltage-dependence of inactivation.

channel. The use-dependent block observed at 30 Hz with the
IFMQ3 mutant suggests that the very short recovery interval
(~8 ms) associated with this high rate of channel stimulation
did not provide a sufficient amount of time for RSD 921 to
completely unbind from the channel, so that drug block
accumulated with each successive pulse.

RSD 921 did not affect the voltage-dependence of
inactivation

Many anti-arrhythmic drugs such as lidocaine produce use-
dependent block from an interaction of the drug with both
open and inactive states of the Na™ channel (Bean e al., 1983;
Sanchez-Chapula et al., 1983; Bennett et al., 1995). Drugs that
preferentially bind to the inactive state of the channel generally
shift the voltage-dependence of inactivation in the negative
direction (Bean et al., 1983). To determine which state of the
Na™ channel (open or inactive) was blocked by RSD 921, we
characterized the effects of the drug on the voltage-dependence
of inactivation. Inactivation was examined using a two-pulse
protocol with a 500 ms inactivation pre-pulse to ensure that all
of the channels were inactivated. A concentration of RSD 921
(100 uMm) was utilized to obtain marked current block. The
effects of 100 uM RSD 921 on the heart (A), skeletal muscle (B)
and neuronal (C) channels are shown in Figure 5. The smooth
curves represent the best fits to the data using a two state
Boltzmann function, with the parameters of the fits shown in
Table 4.

RSD 921 did not significantly affect the voltage-dependence
of inactivation for any of the Na™ channel isoforms, even at
high blocking concentrations (Table 4). At a concentration of
RSD 921 (1000 uM) which resulted in block of >85% of Na™
channels, the shift in V., was —6 mV for the skeletal muscle
channel, —5 mV for the neuronal channel, and —3 mV for the
heart channel (data not shown). In addition, RSD 921 did not
significantly change the slope factor for any of the channel
isoforms. These results suggest that RSD 921 does not
preferentially bind to the inactive state of the channel.

Rate of development of open channel block by RSD 921

Since RSD 921 produced a minimum hyperpolarizing shift in
the voltage-dependence of Na® channel inactivation, we
examined whether the observed block of Na™ channels
resulted from interaction with the open state by using the
IFMQ3 mutant Na™ channel. Figure 6A shows IFMQ3 block
by 100 uM RSD 921. The control trace shows that the IFMQ3
Na™ current during a depolarization to +20 mV decayed with
a single, slow time constant of 428+8.9 ms (n=4). When
currents were elicited after 5 min of perfusion with various
concentrations of RSD 921, the currents decayed with slow
time constants that were similar, with an average of
392415 ms. However, there was an additional concentra-

Table 3 Frequency-dependent blocking actions of RDS 921 on Na™ currents evoked at 1, 5 and 30 Hz

1 Hz (Per cent reduction) 5 Hz (Per cent reduction) 30 Hz (Per cent reduction)

Skeletal Skeletal Skeletal
Drug Heart muscle  Neuronal IFMQ3 Heart muscle  Neuronal IFMQ3 Heart muscle  Neuronal IFMQ3
Control 1.04+0.3 0 0 0 80+1.0 14+02 20405 0 14423 50+1.0 41+1.0 13+0.6
10 pum 6.0+0.4* 6.1+1.1% 34+1.0* 1.0+0.5 21+1.4* 9.0+22%¥ 50+1.0* 1.0£0.7 55+3.0%¥ 16+2.0% 7.3+1.4* 27+1.0%
100 um 25+4*  28+4.6* 18+5.0* 18+5.0% 57+4.2% 30+2.7% 1443.0* 51439 81+4.0* 40+5.7% 24+3.0% 55+2.2%

Data represent the per cent reduction of the peak Na™ current measured during pulse number 35 of a series of depolarizing pulses
delivered to the oocyte at 1, 5 and 30 Hz. Data are expressed as means +standard deviations for five individual oocytes. *Indicates a
statistically significant difference from control at P<0.05.
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Table 4 Effects of RSD 921 on the voltage-dependence of inactivation

Heart Skeletal muscle Neuronal
V2 (mV) k (mV) Vi (mV) k (mV) V> (mV) k (mV)
Control —70+1.8 7.140.6 —48+1.3 6.440.8 —50+1.2 6.340.6
100 um —70+2.6 6.3+ 1.4*% —50+1.1 5.74+0.5 —53+1.0 7.1+1.1

Data were fit to a two-state Boltzmann function as outlined in the Methods. V,, is the voltage at which half-maximal current

inactivation occurs and k is the slope factor.
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Figure 6 Kinetics of open channel block induction of RSD 921. The
rate of open channel block development was examined during a
1000 ms depolarizing pulse from —100 mV to +20 mV. (A) shows
current traces elicited during the depolarization in the absence
(control) and presence of 100 um RSD 921. (B) shows the rate of
drug block as a function of RSD 921 concentration. The time
constant of the RSD 921-induced fast component of block () was
obtained from a double exponential fit to the 100 um current trace
shown in A as described in the Methods. For a first order blocking
scheme, a linear dependence of the rate of block development is
expected for drug concentrations according to the equation: 1/
trast = Kon*[RSD 921]+ kog. The solid line in B represents the fit from
which the apparent binding (k,,) and unbinding (k,,) rate constants
were obtained. The data points were determined from five oocytes
and error bars represent standard deviations.

tion-dependent fast exponential component (tg,) representing
drug block (tg). The time constants of the fast components
were 13.6+2.1, 15.84+2.9, 20.1+1.8 and 23.441.9 ms for 10,
30, 70 and 100 um RSD 921, respectively. These fast
components were x24.5 fold faster on average than the slow
components of channel decay.

The simplest model that can be used to describe the
interaction between an open ion channel and an ion
channel blocker states that blocking rates vary linearly with
the concentration of the blocker. Therefore, a plot of the
reciprocal of tg (1/tg) against drug concentration can be used
to approximate the drug-channel interaction Kkinetics
(Lansman et al., 1986; Valenzuela et al., 1996). Figure 6B

shows the relationship between 1/tz and RSD 921 concentra-
tion, with the straight line representing the best fit to the
equation 1/tg =k, *[RSD 921]+ kg The slope of the line is the
apparent  binding  constant  (k,,), which  equals
0.114+0.012x 10° M~" s7', and the intercept is the unbinding
constant (k.q), which equals 12.54+2.2 s~!. The apparent
affinity constant for RSD 921 (Ky) equals kq/Ko,, Which was
calculated as 117431 uM. This value is very similar to the
value determined for steady-state tonic block of the IFMQ3
channel shown in Table 1. This result, along with the facts that
RSD 921 is a quaternary charged arylbenzacetamide
compound at physiological pH and block development
occurred in the absence of fast inactivation, suggests that
RSD 921 interacts with the open state of the Na* channel.

RSD 921 slows recovery from open channel block

Since the studies examining the interaction of RSD 921 with
the IFMQ3 Na* channel showed that drug block resulted
from an interaction with the open state of the Na™ channel, we
examined whether RSD 921 delayed recovery of the channel
from open channel block. A slowing in the recovery of the
channel from block would explain why the IFMQ3 channel
exhibited a use-dependent component of block. Figure 7A
shows the pulse protocol used to examine IFMQ3 recovery
from RSD 921 open channel block, as described in the
Methods. Figure 7B shows a pair of current traces recorded in
the absence (control, left) and presence (right) of 100 um RSD
921 with a recovery time interval (At) of 10 s between pulses.
In the absence of RSD 921, peak IFMQ3 current recovered as
a mono-exponential process with a time constant of 4.8 +2.4 s.
In the presence of 100 uM RSD 921, recovery was also mono-
exponential but the time constant was increased to 14+2.7 s
(Figure 7C). The slow recovery kinetics of the IFMQ3 channel
from open channel block suggest that an interaction between
RSD 921 and Na™ channels in the open state resulted in both
tonic and phasic, or use-dependent, block.

Discussion

The studies described in this paper represent the first
pharmacological study of the effects of RSD 921, a novel
class I anti-arrhythmic drug, on cloned heart, skeletal muscle
and neuronal Na™ channels expressed in Xenopus oocytes.
RSD 921 produced concentration-dependent tonic block that
was similarly potent for all three Na™ channel isoforms. RSD
921 also produced frequency-dependent block of Na*
currents, with some selectivity for the heart channel. These
results confirm previous in vitro ion channel blocking studies
with chemically-related arylbenzacetamide compounds (Pugs-
ley et al., 1993b; 1994), and conclusively show that RSD 921
displays state-, time- and voltage-dependent interactions with
the Na™ channel.

The tonic component of RSD 921 block of Na*® channels
was examined using an infrequent pulsing protocol, which
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Figure 7 RSD 921 delays the recovery of IFMQ3 Na™ channels
from open channel block. (A) shows the pulse protocol used to elicit
pairs of currents from oocytes co-expressing IFMQ3 and the f,
subunit. The kinetics of channel recovery were examined by giving a
1000 ms conditioning pre-pulse from —100 to —10 mV (P;) followed
by a similar test pulse (P,) after a variable recovery time interval (At)
between 200 ms and 240 s at — 100 mV. (B) shows a pair of 1000 ms
current traces after a 10 s recovery time interval in the absence
(control) and presence of 100 um RSD 921. Channels are nearly fully
recovered at this recovery interval in the absence of drug, so that the
current amplitudes are almost identical. In the presence of 100 um
RSD 921, the test current measured during the second pulse (P2) has
not recovered after a 10 s interval. (C) shows the complete recovery
profile for IFMQ3 channels from RSD 921 open channel block. As
described in the Methods, fractional recovery (P,/P;) is plotted on a
log scale as a function of recovery time for 100 um RSD 921. The
data were fit with a single exponential equation as described in the
Methods. For 100 um RSD 921, the recovery time constant from
open channel block was 14+2.7 s.

demonstrated block of all three Na™ channel isoforms with
half-maximal blocking concentrations (ECs,) between 35—
47 uM. Using similar experimental conditions to compare the
Na™® channel blocking actions of RSD 921 with those of
lidocaine, a class Ib anti-arrhythmic drug, RSD 921 was 12
fold more potent than lidocaine against heart channels (ECs,
equals 563 +22 uM for lidocaine), 31 fold more potent against
skeletal muscle channels (ECs, equals 1083+122 um for
lidocaine) and 25 fold more potent against neuronal Na*
channels (ECs, equals 935+ 100 M for lidocaine) (Pugsley &
Goldin, 1998). These marked differences in potency may result
from the fact that RSD 921 is very different in structure
compared to lidocaine, which might indicate that RSD 921
interacts with a different binding site on the Na™ channel o-
subunit.

The frequency-dependent block of Na™ currents by RSD
921 can be interpreted in terms of the modulated receptor
hypothesis as resulting from differences in the binding and

unbinding ratio of the anti-arrhythmic agent to the binding
site, with the resulting block ratio being dependent on higher
binding affinity to the open or inactive state compared to the
resting state of the channel (Hille, 1997, Hondeghem &
Katzung, 1977). The decrease in Na™ current at high rates of
stimulation results from an accumulation of drug-associated
channels, since Na™ channels spend more time in the open and
inactive states as the inter-pulse interval shortens. RSD 921
produced an enhanced inhibition of Na™ currents at high
frequencies of stimulation for the heart channel, which is
consistent with previous in vitro results for the structurally-
related k opioid receptor agonist spiradoline (Pugsley et al.,
1998). This enhanced inhibition was also observed, although to
a lesser extent, against skeletal muscle and neuronal Na™
channels (Figure 4). The differences in the isoform-specific
frequency-dependent block by RSD 921 may result from
differences in RSD 921 binding affinity for the open or inactive
state in each of the three isoforms.

RSD 921 could preferentially interact with either the open
or inactive state of the Na™* channel compared to the resting
state. Differential block of open or inactive states is an
important criterion for clinical efficacy, because Na™ channels
spend more time in the open and inactive states in pathological
conditions. An indication of higher affinity for the inactive
state is a shift in the voltage-dependence of steady-state
inactivation with increasing drug concentration, as is observed
for lidocaine block of Na™ channels (Bean et al., 1983;
Sanchez-Chapula et al., 1983; Bennett et al., 1995). However,
RSD 921 did not shift the voltage-dependence of inactivation
for Na™ channels in the hyperpolarizing direction (Figure 5),
suggesting that RSD 921 interacts primarily with an active
state of the Na™ channel. Similar results were observed with
bisaramil, a charged tertiary amine class I anti-arrhythmic
drug (Pugsley & Goldin, 1998). Pugsley & Saint (1995) showed
that the block produced by bisaramil did not increase with a
prolongation of the pre-pulse duration, which would be
expected to occur if the drug had a greater affinity for the
inactive state of the channel because channels are maintained
in the inactive state for a longer period of time with longer
depolarizations. Therefore, RSD 921 may interact preferen-
tially with the open state of the Na™ channel because of the
charged nature of the drug.

To directly assess the interaction of RSD 921 with the open
state of the Na™ channel, we utilized the IFMQ3 mutant,
which lacks fast inactivation (West et al., 1992). RSD 921
block of the IFMQ3 channel was approximately 3 fold less
potent compared to that of the wild-type channel. This result
suggests that either there is some component of drug block of
the inactive state, or that the IFMQ3 mutation directly affects
block by RSD 921. However, when the frequency-dependent
actions of RSD 921 were examined on the IFMQ?3 channel at
the highest frequency tested (30 Hz), the additional use-
dependent block that developed was greater than that observed
for the wild-type neuronal channel. This result suggests that
RSD 921 preferentially blocks the open state of the Na™
channel. Similar frequency-dependent open channel block was
observed for disopyramide (Grant et al., 1996) and tetracaine
(Cahalan, 1978).

The time course of decay of IFMQ3 Na™ currents in the
presence of RSD 921 was bi-exponential, whereas the time
course of IFMQ3 Na™ current decay in the absence of drug
was mono-exponential (Figure 6). The slow time constant was
similar in the presence and absence of RSD 921, and most
likely represents slow inactivation. The fast time constant,
which increased as drug concentration increased, most likely
represents channel block by RSD 921 interacting with the open
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state of the channel. From these data, the apparent rates of
RSD 921 binding (k,,) and unbinding (k) to the Na™ channel
were determined to be 0.1140.012x10°M~'s~! and
12.54+2.2 s~ respectively (Figure 6). These values yielded an
apparent affinity constant Ky (or ECsy) of 117+31 uMm. This
value is similar to the 110 uM ECs, value that was determined
for tonic block of the IFMQ3 channel (Table 1).

Previous studies by Ragsdale et al. (1994; 1996) indicate
that many local anaesthetic and anti-arrhythmic drugs interact
with the Na™ channel from the intracellular side of the
membrane. Assuming that this is the case for RSD 921, then
the drug must enter the cell to block the Na* channel. RSD
921 can be considered a permanently charged molecule,
because it has a tertiary nitrogen moiety with a pK, of
9.0+0.2, which is protonated under physiological conditions.
The positive charge should limit the ability of RSD 921 to
cross the cell membrane. One mechanism by which RSD 921
could enter the cell is through a hydrophilic pathway that
develops as channels open, as was proposed for local
anaesthetics by Hille (1977). This mechanism could be the
reason why RSD 921 predominantly blocks open Na™
channels.

The use of selective arylbenzacetamide x opioid receptor
agonists has made it possible to establish the involvement of k
opioid receptors in sedation, analgaesia, diuresis, and most
recently cardiac arrhythmogenesis (Martin, 1984; Pugsley et
al., 1993a). Several arylbenzacetamide x opioid receptor
agonists such as U-50,488H and (—)CI-977 have been shown
to reduce the incidence and severity of ischaemic and electrical
arrhythmias in rats (Pugsley er al., 1992a,b). Pugsley et al.
(1992c) showed that these arylacetamide compounds were still
anti-arrhythmic in the presence of specific k¥ opioid receptor
blockade. Further studies showed that the observed anti-
arrhythmic efficacy of these compounds was maintained when
enantiomeric pairs such as (+) PD 129,290 (which lacks
affinity for the x receptor) and (—) PD 129,289 (which has high
affinity for the x receptor) were examined (Pugsley et al.,
1993b). This study concluded that the anti-arrhythmic actions
of these arylbenzacetamide compounds was inherent in their
chemical structure and resulted from direct Na® and K* ion
channel blockade in cardiac muscle, and was not related to
opioid receptor agonism, as had been previously reported
(Wong et al., 1990). A recent structure-activity relationship
analysis of ten arylacetamide compounds provided additional
evidence that the anti-arrhythmic activity of these compounds
is not related to x opioid receptor activity, but rather resides in
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