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NA - and K" -channels as molecular targets of the
alkaloid ajmaline in skeletal muscle fibres

O Friedrich'?, F v Wegner'*, M Wink? and RHA Fink'

"Medical Biophysics, Institute of Physiology and Pathophysiology, University Heidelberg, Heidelberg, Germany and *Faculty of
Biosciences, Institute of Pharmacy and Molecular Biotechnology, Ruprecht-Karls Universitdt Heidelberg, Heidelberg Germany

Background and purpose: Ajmaline is a widely used antiarrhythmic drug. Its action on voltage-gated ion channels in skeletal
muscle is not well documented and we have here elucidated its effects on Na™ and K* channels.

Experimental approach: Sodium (ln,) and potassium (Ix) currents in amphibian skeletal muscle fibres were recorded using
‘loose-patch’ and two-microelectrode voltage clamp techniques (2-MVC). Action potentials were generated using current
clamp.

Key results: Under ‘loose patch’ clamp conditions, the ICsq for Iy, was 23.2 uM with Hill-coefficient h=1.21. For I, ICso was
9.2 uM, h=0.87. Clinically relevant ajmaline concentrations (1-3 pM) reduced peak Iy, by ~5% but outward I¢ values were
reduced by ~20%. Na™ channel steady-state activation and fast inactivation were concentration-dependently shifted towards
hyperpolarized potentials (~10 mV at 25 uM). Inactivation curves were markedly flattened by ajmaline. Peak-lx under
maintained depolarisation was reduced to ~30% of control values by 100 uM ajmaline. g activation time constants were
increased at least two-fold. Lower concentrations (10 or 25 pM) reduced steady-state-li slightly but peak-I significantly. Action
potential generation threshold was increased by 10 pM ajmaline and repolarisation prolonged.

Conclusions and implications: Ajmaline acts differentially on Na™ and K* channels in skeletal muscle. This suggests at least
multiple sites of action including the S4 subunit. Our data may provide a first insight into specific mechanisms of ajmaline-ion
channel interaction in tissues other than cardiac muscle and could suggest possible side-effects that need to be further
evaluated.
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Introduction

In skeletal muscle, ajmaline has been shown to block Na™
currents in single intact frog skeletal muscle fibres (Korper
et al., 1998). However, little is known about ajmaline effects
on other voltage-gated ion channels, such as voltage-gated
K" channels, in these preparations.

Ajmaline (Figure 1b) is of substantial clinical importance
for its antiarrhythmic effects in life-threatening cardiac
disorders like ventricular tachycardia (Manz et al., 1992;
Todt et al., 1993) and to identify patients with increased risk
for sudden death by Brugada’s syndrome (Brugada et al.,
2000; Keller et al., 2005). Despite its widespread clinical use,
its molecular interactions with different ion channels are not
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well understood. In addition to its action as a Na ' -channel
blocker in myocytes, Na® channel blocking by ajmaline has
also been shown to be protective against anoxic injury in
central nervous system white matter (Stys, 1995). Besides
Na™' channels, there is also evidence that ajmaline could act
on other voltage- or ligand-gated ion channels. For example,
in Xenopus oocytes, glibenclamide-sensitive Kyrp channels
were blocked by ajmaline (Sakuta et al., 1992). K" currents
mediated by cardiac human ether-a-go-go-related gene
(HERG) channels expressed in Xenopus oocytes and human
epidermal keratinocyte cells have been shown to be blocked
by ajmaline to different extents. Contributions of HERG
blockade to the antiarrhythmic action of the drug have been
proposed (Kiesecker et al., 2004). In ventricular myocytes,
ajmaline has also been shown to inhibit L-type Ca**
currents (Enomoto et al., 1995; Bebarova et al., 2005b) and
transient outward potassium currents (Bebarova et al.,
2005a).

Although voltage-gated Na™ channels are known to be
molecular targets for many alkaloids (Wink, 1993, 2000),
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not much is known about their possible alkaloid-binding
sites. Alkaloid toxins alter voltage-dependent gating of Na ™"
channels via binding to different intramembrane receptor
sites (Cestele and Catterall, 2000). This has been proposed for
the S6 subunit of domain I of Na* channels (Ragsdale et al.,
1994; McPhee et al., 1994, 1995) and the positively charged
voltage sensor of the S4 subunit (Butterworth and Strichartz,
1990). In voltage-gated Na* and K" channels the homo-
logous S4 subunit (Figure 1a for Na,” and K," channels) is
highly conserved by the amino-acid sequences of Nay
domain IV (Popa et al., 2004) and K, (e.g. Patel et al., 1997;
Thornhill et al., 2003; Fleishman et al., 2004) found in
skeletal muscle (Gutman et al., 2005). Because the S4 subunit
also plays an important role in the fast Na*t inactivation
(Kra-Oz et al., 1992; Chen et al., 1996), it is of great interest
whether alkaloids such as ajmaline affect the voltage-gated
and time-dependent inactivation characteristics of fast Na ™
currents in skeletal muscle. Furthermore, if the S4 subunit
were a pharmacological alkaloid-binding site, ajmaline
would also be expected to block voltage-gated K™ currents.

In the present study, we investigated the effects of
ajmaline on the activation and inactivation of both Na™
and K" currents in single intact amphibian skeletal muscle
fibres.

Methods

Preparations

Single skeletal muscle fibres from the Mm. lumbricales of the
frog Xenopus laevis were enzymatically isolated as described
previously (Korper et al., 1998). All experiments were
performed according to the guidelines laid down by the
Local Animal Care Committee.

a S4 Segment

D1 RTFRVLRALKTI TVI PG
Nata D2 RSFRLLRVFKLAKSWPT
v D3 KSLRTLRALRPLRALSRFESG G

D4 RVI RLARI GRVLRLI RGAKG
K11 RVI RLVRVFRIFKLSRHSKG
K14 LgpakerR!1 I RLVRVFRI FKLSRHS KG
K,1.7 RVI RLFRVFRI FKLSRHSKG
K,1.8 RI I RLVRFVRI FKLSRHSKG
K21 Shab RI MRI LRI LKLARHSTGL QS
K,3.1 VVRFVRI LRI FKLTRHFUVG
K34 FShaW g v vVRFVRI LRI FKLTRHEFV G

Figure 1 (a) Corresponding amino-acid sequences of the S4
subunit of the voltage-gated Na,1.4 (Popa et al., 2004) and K,
family (Shaker: K,1.1 from Thornhill et al., 2003; K,1.4 from http://
vkedb.biology.ualberta.ca/; K,1.7 from Kalman et al., 1998; K,1.8
(see Yao et al., 1995); Shab: K,2.1 from Patel et al., 1997; Shaw:
K,3.1 and K,3.4 from http://vkcdb.biology.ualberta.ca/) found in
adult skeletal muscle (Gutman et al., 2005). Homologous sequences
between Na, domains and K, are highlighted in grey. (b) Chemical
structure of ajmaline.
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Solutions

Normal Ringer solution contained (mM): NaCl, 115; KCl, 2.5;
CaCl,, 1.8; MgCl,, 1; N-2-hydroxyethylpiperazine-N'-2-etha-
nesulphonic acid, 5; pH 7.2. For two-microelectrode voltage
clamp (2-MVC) recordings of Iy, S00nM tetrodotoxin was
added to the Ringer solution. Ajmaline (Sigma Chemicals,
Taufkirchen, Germany) was added from a 1-mM stock
solution to the desired concentration.

‘Loose-patch’ clamp experiments

Na' and K*currents (Iy, and Ix) were recorded using the
‘loose-patch’ clamp technique (Almers et al., 1983, 1984;
Caldwell et al., 1986; Korper et al., 1998; Ruff, 1999; Rich and
Pinter, 2003). Simultaneous patch clamp and intracellular
microelectrode recordings were performed with a multi-
clamp amplifier (Molecular Devices, Sunnyvale, CA, USA).
Patch pipettes and intracellular microelectrodes were pulled
from borosilicate glass tubes (Science Products, Hofheim,
Germany) with a horizontal puller (P87, Sutter Instruments,
Novato, CA, USA) as described previously (Korper et al.,
1998; Friedrich et al., 1999). For patch pipettes filled with
Ringer solution, tip resistances were 0.2-0.4MQ and tip
diameters 10-30 um (see Figure 2). Penetrating sharp micro-
electrodes were backfilled with 3M KCI and had resistances
of 5-10MQ. A single muscle fibre was transferred to the
recording chamber, mounted on the stage of an inverted
microscope (IX70, Olympus, Germany) equipped with
micromanipulators and the amplifier headstages. The micro-
electrode was softly driven into the fibre using an oil-driven
micromanipulator (MHW-3; Narishige, Tokyo, Japan) until
the membrane resting potential E,, could be monitored. The
patch pipette approached the fibre membrane under visual
control with a slight positive pressure applied to the tip. As
Na™ channel lateral distribution decreases towards the ends
of muscle fibres (Almers et al., 1983; Caldwell et al., 1986),
care was taken to record currents from patches in close
proximity (~10-20 um) to the end-plate region to maximize
Ina amplitudes. The pipette tip was softly pressed against the
muscle membrane and the seal-resistance Ry monitored
online by applying small (5-10mV) alternating voltage
steps. The seal-resistance represents a series circuit of the
pipette resistance Rp and the membrane resistance Rp,
(Almers et al., 1983). The seal-resistance Ry was monitored
throughout the experiments to calculate the correction

pipette close to a muscle fibre. A sharp penetrating microelectrode
(arrow in b) was used to continuously monitor resting membrane
potential Ep,.
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Figure 3 Stability of Na™ current (/\,) recordings and time course of ajmaline effect. For 10 min, a protocol to record Iy, traces was run every
305, showing stable Iy, amplitudes and Iy,-V relations. After addition of 100 um ajmaline (arrow, at ~600s), current amplitudes quickly
declined and inhibition was complete within ~90s. Seal resistance Rs: 2.2 MQ, pipette resistance Rp: 324 kQ, correction factor A=0.87, resting
membrane potential £,, = —45 mV. Note that the pulse protocol (inset) and the potential values of the In,—V plots shown correspond to the tip

potential V,, rather than intracellular membrane potential.

factor A=Rp/(Rp+Rs) for the tip potential V. The inverse
relationship between seal-resistance and electrical noise in
loose patches predicts improved signal detection for larger
seal-resistance, especially in a low signal-to-noise environ-
ment (Hamill et al., 1981). It is therefore beneficial to obtain
relatively large A factors, for example a fourfold increase in
Rs over Rp (A >0.7, Hong and Lnenicka, 1997; A >0.8, Wang
etal., 2001). Although smaller A values have been used, for A
values less than 0.4, the leak usually cannot be adequately
compensated (Rich and Pinter, 2003). In the present study,
A was always larger than 0.8 (see also Korper et al., 1998).
Results from experiments with more than 5% changes in A
were discarded from analysis. V}, is the potential difference
across the seal-resistance. Thus, the membrane patch
potential En,, has to be corrected by multiplication of the
tip potential with A. To correlate Ep, which is expressed
relative to the extracellular reference electrode in the bath
(i.e., bath potential set to zero), with the intracellular resting
membrane potential E;,, the latter was monitored simulta-
neously with a sharp penetrating microelectrode near the
patch pipette (see Figure 2). To verify the stability of the
patches and to quantify the ‘run-down’ of ionic currents in
our preparation, in a first series of experiments the same
pulse protocol evoking nonlinear fast inward Na™ currents
(Ina) was applied every 30s. To make sure fibres were well
repolarized, V,, was set to +150mV. This corresponds to a
holding potential of approximately —110mV to —150mV
after conversion. From there, voltage steps (2.2 ms duration)
were applied from —150 to +150mV to the pipette tip (V},)
and the patch-current was recorded after low-pass filtering
the data at 5kHz (‘activation protocol’). Fibres were repolar-
ized to the holding potential for 1s between pulses. To
quantify the voltage-dependent fast inactivation of Iy, a
double-pulse protocol was applied: a first pulse of 25ms
duration to V,, between —160 and +160mV was applied
from a holding potential of +120mV. After a short

repolarization to OmV (~0.25ms) the tip potential was set
to a fixed value of —30mV for 2ms and the Iy, recorded
(‘inactivation protocol’). Experiments were performed at
room temperature (20-22°C).

Assessment of drug effects

To test the time course of the inhibitory action of ajmaline
on Iy, and Ik, 100 uM concentrations were applied to the
bath solutions while recording complete sets of activation
protocols in 15s steps (see Figure 3, Results). Recording
complete sets of Iy, also allowed detecting changes in the -V
relation, which would remain undetected when just using a
fixed test pulse potential.

To test the concentration dependence of ajmaline steady-
state inhibition on Iy, and Ik, activation and inactivation
protocols were performed on single fibres before (control, Ip)
and after the addition of single ajmaline concentrations
(between 1 and 200 uM) to the bath solution, following an
incubation time of Smin (drug effect, Is, see Results).

To directly compare the inhibitory ajmaline effects on In,
and Ix between individual preparations, the fraction Is/I, was
used instead of calculating the surface-normalized currents,
which contain uncertainties of up to 15% from the
determination of the patch pipette diameter in the transmis-
sion light microscope. Therefore, Is/I, represents a more
reliable parameter for the drug effect.

2-MVC experiments

As the time course of Ix at more positive potentials and
prolonged durations is difficult to record with the ‘loose-
patch’ clamp technique owing to contributions from
uncontrolled membrane beneath the rim (Almers et al.,
1983), the ‘2-MVC’ technique (Friedrich et al., 1999, 2002,
2004) was used to investigate the ajmaline effect on the
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activation and inactivation of delayed outward Ix. The 2-
MVC technique is especially suitable to record whole-cell
Ix under maintained depolarization (Friedrich ef al., 2002).
Single fibres were clamped to an intracellular holding
potential of -90mV and depolarizing potential steps (200-
300ms duration) of 10mV increments were applied. The
amplitudes of Ix were analysed before (control) and 5 min
after the addition of ajmaline. Under control conditions, Ik
shows time-dependent inactivation for more positive depo-
larizations, which was quantified by the steady-state-Ix to
peak-Ix ratio. To quantify the time course of K™ channel
activation, the Iy traces were fitted to an n* Kkinetics as
described for rat muscle (Beam and Donaldson, 1983). To
record action potentials, the ‘current clamp’ mode of the
voltage clamp amplifier was used. Single fibres were pre-set
to a membrane potential of —90mV by injection of a
constant current. Current pulses of 1.5ms duration were
then applied in 100nA steps to determine the action
potential threshold. Thresholds were compared in the same
fibre under control conditions and after the addition of
ajmaline for 5min. Trains of action potentials were elicited
in a series of four consecutive action potentials at ~20ms
intervals and the post-train period recorded. This protocol is
suitable to investigate changes in the excitability of resting
fibres, for example, owing to ajmaline-induced hypo-/
hyperexcitability as well as a possible use dependence of
ajmaline. In a third set of experiments, a double-pulse
protocol with varying recovery intervals was used to elicit
two action potentials sequentially. From the decrease of
amplitude with decreasing recovery interval, the refractory
period and the recovery from inactivation can be estimated
(Friedrich et al., 2004).

Data analysis

From the ‘loose-patch’ activation protocols on Iy, and I,
I-V curves were reconstructed from the peak Iy, amplitude
and the apparent ‘steady-state’ Iy amplitude at 2ms after
correcting the tip potential for the pipette resistance. Steady-
state activation and inactivation curves for Iy, were recon-
structed as described before (Catterall, 1988; Korper et al.,
1998; Friedrich et al., 1999; Desaphy et al., 2001; Rich and
Pinter, 2003). The curves were fitted with Boltzmann fits
yielding a half-activation potential mg s, half-inactivation
potential hg s and slope factors k. From the mean values of
mgs, hps and k from activation and inactivation, idealized
h, and m, curves were recalculated for each drug concen-
tration used. Control values were placed together after
testing for no significant differences between batches
and idealized appropriate control curves were reconstructed
(see Results).

Drug effects were assessed using paired f-tests on single
fibres, where complete data sets of before/after drug applica-
tion recordings were available. P<0.05 was considered
significant. Paired tests included Student’s t-test or Wilcoxon
signed-rank tests when normality failed (SigmaPlot 9, Systat
Software, Point Richmond, CA, USA).

Dose-response curves for the inhibition of Iy, and Ix
amplitudes by ajmaline were obtained by least-square Hill
fits to the Is/I, data (SigmaPlot 9). From these curves, the
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mean concentration for 50% blocking (ICs¢) and the slope
factor h (Hill coefficient; see Korper et al., 1998) could be
extracted.

Results

Stability of the ‘loose-patch’ clamp recordings and time course of
ajmaline effects

Figure 3 shows a series of repetitive recordings of Iy, with
the ‘loose-patch’ clamp technique in a representative single
muscle fibre: 2.2ms lasting potential step pulses to the
pipette tip were applied from a V,, of +150mV to values
ranging from V,=—-40mV to V,= 4+ 10mV as shown in the
inset. The protocol was repeated every 30 s for 10 min under
control conditions to verify the stability of the technique
and to estimate possible contributions from ‘run-down’ of
the channels to the drug effect. The first three recordings at
60, 300 and 600 s together with the corresponding I-V plots
clearly validate the stability of the patch under control
conditions, that is, no significant run-down or shift in the I-
V curve was seen for at least 10min. At 600s, 100 uMm
ajmaline was added to the bath solution and recording
protocols of Iy, were performed every 15s. The following
four recordings showed that the inhibition of Iy, was almost
complete after 90s. A detailed analysis of the I-V relation
of In, before and after the addition of ajmaline to the bath
solution is shown in Figure 4 for another single fibre.
Figure 4a shows that the patch is stabilized 1 min after patch
formation and remains stable for the remaining time.
Figure 4b shows the fast kinetics of inhibitory ajmaline
action on Iy, which predominantly affects peak current
amplitude Iy, peak and also shifts I-V relations to some minor
extent. Figure 4c shows the time course of Ix, peax inhibition
by 100 uM ajmaline, which is complete after ~3 min. There-
fore, ‘loose-patch’ recordings at 5min reflect a steady-state
inhibition of Iy, (Figures 3 and 4) and Ix (not shown). To be
able to study the steady-state activation of Iy, a complete
pulse protocol was applied to the fibres before and 5min
after the ajmaline application (see below). Peak Iy, density
normalized to the apparent membrane patch area derived
from the pipette diameter was calculated for all fibres under
control conditions. Values ranged from —1.5 to —15 mA/cm?
in 36 single fibres (mean +s.e.m. —4.6+0.5 mA/cm?).

Concentration dependence of In, and Ik inhibition by ajmaline

Figure 5a shows recordings of Iy, and early Ix measured with
the ‘loose-patch’ clamp technique in Ringer solution before
(control) and Smin after the application of 25 uM ajmaline
(middle panel). Note that depolarizations were larger
compared with the protocol in Figure 3 to induce the
outward Ix. Under our experimental conditions (amphibian
muscle, room temperature), inactivation kinetics of Iy, is
very fast, that is, I, can be considered almost completely
inactivated after 1 ms (see Figure 2a in Korper et al., 1998).
Therefore, contaminating contributions of inward Iy, to the
outward ‘steady-state’ Iy can be considered negligible. On
the other hand, as the activation time constants of Iy for
negative membrane potentials is in the range of Sms (see
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Figure 4 Time and voltage dependence of Iy, during a 10-min control period (a) and following addition of 100 uM ajmaline in another single
fibre. Ina—V plots are shown after conversion of the applied tip potential to intracellular membrane potentials as described in the Methods.
Ajmaline affects both peak amplitudes (c) and (b) voltage dependence of Iys.
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Figure 5 Concentration dependence of Iy, and Ik blocking with the ‘loose-patch’ clamp technique. (a) Recordings of Iy, and Ik before (left
panel, Rs: 2.0 MQ, Rp: 288 kQ, A=0.87, E,,=—47 mV) and after the addition of 25 um ajmaline (middle panel, Rs: 1.8MQ, Rp: 288 kQ, A= 0.86).
The right panel shows the corresponding /-V relations. (b) Concentration dependence of relative peak Iy, inhibition by ajmaline. (c)
Concentration dependence of relative ‘steady-state’ /¢ inhibition by ajmaline. ICso values derived from Hill fits are indicated. Error Bars are

s.e.m. with n single fibres (paired data).

Figure 8d below) there is also no significant contribution of
outward I to the maximum peak inward In,.

Following incubation with 25 yM ajmaline, Iy, was reduced
to approximately 50% whereas inhibition of Ix was more
pronounced. The right panel of Figure 5a shows the
corresponding I-V plots for peak Iy, and ‘steady-state’ I,

respectively. The Iy,—V plots were rescaled to intracellular
membrane potential. As can be seen, there was some
leftward shift of the Iy,-V relation by ajmaline. The
concentration dependence of the ajmaline effect on relative
Ina inhibition (Is:Ip) and Ik inhibition (estimated from the
slope of the Ix-V plots at O and 5 min) is shown for several
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fibres in Figure Sb and c, respectively. A Hill fit to the data
(solid lines) revealed an ICg, value of 23.2 uMm (> =0.94) for
the inhibition of Iy, and 9.17 uMm for Ix (*=0.91). The
Hill coefficients were h=1.21 and 0.87, respectively. It is
interesting to note that ajmaline inhibition of currents
did not appear to be use dependent. A single set of stimuli
applied 5 min after ajmaline incubation resulted in the same
level of inhibition compared with repetitive stimulation
(compare Figure 5a and Figure 4c for 100 uM ajmaline).

Effects of ajmaline on voltage-dependent 1y, activation and fast
inactivation

Figure 6a shows the steady-state Na* channel activation
curve m,, obtained from the Iy,-V plot of the fibre shown in
Figure 5a under control conditions and after the addition of
25 uM ajmaline. Also shown are the corresponding Boltz-
mann fits to the data. For the fibre shown, the half-
activation potential mps was —23.9mV wunder control
conditions and —35.6mV after incubation with 25 uM ajma-
line. The slope factors k were 7.3 and 6.8 mV, respectively.
From the mys and k values of several fibres, average
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Boltzmann fits were reconstructed for each ajmaline con-
centration used (Figure 6b). As all control values were not
significantly different (mgs: P>0.75, k: P>0.76), they were
placed together to reconstruct one average fit representative
for all controls (solid grey line in Figure 6b). For all controls,
mgs was —32.84+1.9mV and k=7.9+0.3mV (n=24). Inter-
estingly, as seen in Figure 6b, ajmaline concentrations up to
25 uM induced a leftward shift of the activation curve (e.g., at
25 uM ajmaline: mps=-45.7+4.1mV and k=8.1+1.8mV,
n=4), whereas higher concentrations, 50uM, seemed to
induce a plateauing of the ajmaline effect followed by a
marked rightward shift at 75 yuM. However, this finding might
be affected by the already reduced signal-to-noise ratio
starting from 50 uM and should be interpreted with caution.
For 100 and 200 uM, activation curves could not be robustly
assessed because of the almost complete inhibition of Iy,,
preventing the construction of I,V plots. Figure 6¢ shows
the paired results (control vs ajmaline) in several fibres at the
concentrations indicated.

Fast steady-state voltage-dependent inactivation of Iy,
derived from double-pulse protocols are summarized in
Figure 7. Figure 7a shows recordings from a representative
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flattened its slope. (b) Idealized h, curves for different ajmaline concentrations reconstructed from mean hg 5 and k values as shown in (c). *P<

0.05. Error Bars: s.e.m.

single fibre under control conditions and following 25 uM
ajmaline incubation. The right panel shows the I-V relation
for the peak In, during the test pulse relative to its maximum
Ina- This steady-state Na® channel inactivation curve, h,,
reflects the availability of Na™ channels at a given mem-
brane potential (Pappone, 1980; Almers et al., 1983). From
the Boltzmann fits to the data, a half-inactivation potential
of —74.4 (control) and —104.3mV (25uM ajmaline) was
calculated. The slope factors were —8.9 and —18.7mV,
respectively. As for In, activation, average idealized inactiva-
tion curves were reconstructed for each ajmaline concentra-
tion (Figure 7b). The control values for hg s (P>0.85) and k
(P>0.75) were not significantly different and were combined
(hgs5=-88.3+1.6mV and k=-10.3+0.5mV, n=33) to
reconstruct a representative control h,, line (grey line in
Figure 7b). Ajmaline shifted the h,, curves to the left and
flattened their slope (e.g., at 25uM ajmaline:
hys=-101.84+4.4mV and k=-18.54+2.9mV, n=>5). This is
summarized in Figure 7c for the paired control vs ajmaline
data on h,, in several single fibres.

Ajmaline effects on the delayed 1k outward currents

To be able to investigate outward potassium currents, I,
under maintained depolarization, 2-MVC recordings were
carried out. Figure 8a shows Ik recordings in a single fibre
before (control) and after the application of 100 uM ajmaline.

Under control conditions, fibres always showed inactivation
of Iy for larger depolarizations after reaching a maximum
amplitude at ~20ms, as can be seen in the example shown.
The ratio of steady-state Ix to peak Ix is summarized for seven
single fibres in Figure 8b (filled circles, control) over the
whole potential range tested. Interestingly, after addition
of 100uM ajmaline, both steady-state and peak Ix were
markedly suppressed, as shown in the example and in Figure
8b and c. Some fibres did not even reach the maximum Ik
amplitude at the end of the ~200ms pulse. The activation
time constant 7, for K* channel activation was signifi-
cantly larger after addition of 100 uM ajmaline compared
with controls (P<0.001, Figure 8d). Lower concentrations of
ajmaline showed less prominent effects. For 10 uM, steady-
state-Ix and peak-Ix were almost unchanged (not shown). For
25 uM, the effect on steady-state-Ix reduction was already
significant although small (Figure 8c, P<0.02 in three out of
four fibres). On the other hand, peak-Ix reduction was
already marked as shown by the increase in the ratio of
steady-state-Ix to peak-Ix (Figure 8b).

Ajmaline effects on action potential properties

To quantify the blocking effects of ajmaline on Na* and K™
currents seen under voltage clamp conditions on action
potential properties, current clamp experiments were per-
formed. Figure 9a shows the time course of membrane
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Figure 8 Ajmaline effects on K™ -currents (I). (a) Ik recorded with the 2-MVC technique in a representative single muscle fibre before (left)
and after the application of 100 uM ajmaline (right). Test pulses ranged from —50 to + 130 mV. (b) Control fibres showed approximately 20%
inactivation of /x under maintained depolarization, as judged from the steady-state to peak-lx amplitude ratio, whereas ajmaline greatly
reduced this amount of inactivation both for 100 um (circles) and 25 uM (open triangles; filled triangles: corresponding controls). (c) After
addition of 100 uM ajmaline, steady-state /x amplitudes were reduced to ~40% of controls, especially for larger depolarizations. The effect was
less pronounced but significant for 25 um (P<0.02, three out of four fibres). (d) Ajmaline (100 um) significantly increased the time constants of

K™ channel activation (t,c) compared to controls. Error Bars: s.e.m.

potential in a representative single fibre held at -90mV and
depolarized by step pulses of ~1.5ms duration and increas-
ing amplitude under control conditions (left) and following
incubation at 10 M ajmaline (middle). Ajmaline increased
the threshold for action potentials about 100nA and
decreased their amplitude about 60mV. The blocking of
repolarizing K™ currents was quantified by the exponential
decay of the action potential and yielded time constants that
were about fourfold increased for 10 uM ajmaline and about
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12-fold increased for 100 uM ajmaline (right panel). To assess
any hyperexcitability effects of ajmaline on muscle fibres
under repetitive stimulation conditions, a train of four
repetitive action potentials was elicited at ~20ms intervals
(Figure 9b). Ajmaline decreased excitability also under these
experimental conditions rather than inducing excessive
generation of action potentials. As a measure for the
refractory period, double-pulse protocols were used to elicit
two action potentials in a sequence. Figure 9c shows that
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Figure 9 Ajmaline effects on action potentials. (a) Membrane potentials recorded with the current clamp technique in a representative single
muscle fibre before (left) and after the addition of 10 um ajmaline (middle). Current pulses were increased in 100 nA steps of ~ 1.5 ms duration.
The threshold was shifted 100 nA towards larger currents after ajmaline addition. The right panel shows the increase in the decay time constant
with ajmaline concentration from some single fibres. (b) Repetitive action potentials did not produce any hyperexcitability (i.e., generation of
action potentials in the post-train period) after 10 uM ajmaline. (c) Double-pulse stimulation of action potentials shows a normal reduction in
action potential amplitude when the second action potentials is elicited shortly after the first under control conditions but almost no reaction

after addition of 10 uM ajmaline.

under control conditions, as the interval between the two
action potentials decreased, the amplitude of the second
decreased in an exponential way. Because of the blocking
effect of ajmaline on Na™ channels, longer recovery
intervals could not further increase action potential
amplitudes.

Discussion

We have previously shown that the skeletal muscle SCN4A
Na™' channel is a target for alkaloids (Korper et al., 1998). In
the present study, we extended our investigation of ajmaline
effects on voltage-gated In, also to Ix. In skeletal muscle,
voltage-gated K* channels are mostly represented by the
KCNA family, part of the K, family (see Gutman et al., 2005,
for International Union of Pharmacology nomenclature;
formerly known as Ki channels, see Catterall, 1988), which
show the typical channel structure features with voltage
sensor $4, toxin-binding sites and a single ion-conducting
pore (Lehmann-Horn and Jurkat-Rott, 1999). Additionally,

the S4 segment of voltage-gated ion channels represents a
highly conserved homologous repeat (Butterworth and
Strichartz, 1990; Catterall, 1992; see also Figure 1a).

In our skeletal muscle preparation, ajmaline blocked Iy,
and Ix in the ‘loose-patch’ setting with an apparent ICsg
of ~23 and ~9puM, respectively. This suggests a higher
susceptibility of K™ channel blocking by ajmaline compared
with Na® channels. In the range of clinically relevant
plasma concentrations of 1-3 uM unbound ajmaline (Kie-
secker et al., 2004), this corresponds to approximately 20%
blockade of repolarizing K* currents but only a minor block
of Iy, (5-10%, Figure 5). This combination of effects might
suggest hyperexcitability for lower concentrations of ajma-
line (e.g., 10 uM) in skeletal muscle in agreement with the
pro-arrhythmic potency of the drug, sometimes seen in
cardiac muscle. However, in single skeletal muscle fibres, we
could not detect any hyperexcitability induced by the lower
ajmaline concentrations of 10 uM. There were no signs for
continuing action potential activity following repetitive
stimulation. In particular, the threshold for action potentials
was increased by ajmaline and the decay phase of the action
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potential prolonged in agreement with our findings on the
blocking effect of ajmaline on both channels. This suggests
either different binding sites or other, yet unknown
differences in the mode of ajmaline action in heart and
skeletal muscle.

Our ICyq values for Iy, are in good agreement with recent
data from rat ventricular myocytes. Bebarova et al. (2005b)
found an ICsg of ~27 uM. The same authors reported ICsg
values for ajmaline inhibition of cardiac transient outward
K* currents (I,) of ~25uM, which is considerably larger
than our values in amphibian skeletal muscle voltage-
dependent Ix under ‘loose-patch’ conditions. However,
when calculating the association and dissociation rate
constants for ajmaline-dependent I, inactivation, the
authors found a Kyq value of ~4.5uM (Bebarova et al.,
2005a). The difference in ICso and Kq was compatible with
Hodgkin-Huxley simulations, suggesting an open channel
blocking mode of ajmaline action on I, in mammalian
ventricular myocytes. Our results, with a much smaller ICs,
indicate that this might not be the case for skeletal muscle
I. Further studies are necessary to evaluate the exact nature
of the ajmaline effect on K™ channel gating behaviour in
skeletal muscle.

Ajmaline showed a marked voltage-dependence on
steady-state fast channel activation and inactivation. Na™*
channel activation, m.,, was concentration-dependently
shifted towards hyperpolarized potentials for concentra-
tions up to S50uM. This leftward shift accounted for
approximately —-13mV at 25 uM. Around 50 uM, this effect
seemed to plateau and, for 75 uM, this effect was reversed
and a rightward shift became apparent, suggesting a
bimodal mode of action of ajmaline on channel activation
gating. The voltage sensitivity of channel gating repre-
sented by the slope of m_, was almost unaltered. For I\, fast
inactivation, the leftward shift of h, was unimodal and
increased with ajmaline concentration, that is, hgs was
shifted almost by -20mV at 75 uM. Additionally, ajmaline
markedly reduced the steepness of the inactivation curves,
thus reducing voltage sensitivity. The changes in gating
behaviour can only partially explain the reduction in Na*
current density by ajmaline. For example, at a given resting
membrane potential of —75mV, the flattened inactivation
curve would partially compensate for the reduced avail-
ability induced by the leftward shift of the curve alone. As
the method presented here reflects the relative change in
current densities induced by ajmaline, it seems possible
that ajmaline functionally knocks out Na* channels within
the patch, thus reducing current density to a larger extent
as expected from the changes in gating of the remaining
Na™ channels alone (Friedrich et al., 2006).

Our data on I, using the 2-MVC on a longer time scale
and more positive potentials, support those obtained with
the ‘loose-patch’ clamp technique. The latter is known to be
less stable under such conditions (Almers et al., 1983).
Ajmaline effectively blocks not only voltage-gated Na*
currents but also K* currents in frog skeletal muscle fibres.
Interestingly, when comparing our ‘loose-patch’ data on Ix
blocking of ajmaline to those obtained under prolonged
depolarizations using the 2-MVC technique, ajmaline seems
to block early Ix components with a higher potency than late
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steady-state Iy after several 100ms. In particular, 100 uM
ajmaline showed clear effects, whereas for 25 uM of ajmaline
effects on steady-state Iy were much smaller. This lower
concentration, however, already strongly reduced the early
peak Ix. This suggests differential affinities of ajmaline
towards different K, families expressed in skeletal muscle
(see Figure 1a). Among those, K1.1, K;1.4, K;1.7, K,1.8 and
K,3.1 show fast activation kinetics (< ~ 10 ms, Gutman et al.,
2005), whereas fast inactivation (N-type inactivation) is
probably only seen with Ky1.4 and K,3.4 (Gutman et al.,
2005). Our results may be interpreted in terms of ajmaline
preferentially blocking the fast activating and inactivating
Ky channels already at lower concentrations (10-25 um),
which is compatible with the strong reduction in peak Ix
amplitude observed under prolonged depolarizations
(Figure 9b). Larger concentrations (100uM) additionally
seem to block other K, entities as well, thereby strongly
reducing steady-state I.

Comparing our results to other preparations, ajmaline has
been found to block transient outward currents I, in rat
ventricular myocytes (Bebarova et al., 2005a,b), but also
glibenclamide-sensitive Karp channels in Xenopus oocytes
(Sakuta et al., 1992). In another study, however, expression of
cloned cardiac voltage-gated K* channels in Xenopus oocytes
revealed a reduction of potassium currents for several
alkaloid drugs tested except for quinidine and ajmaline (Rolf
et al.,, 2003), whereas ajmaline reduced currents through
cardiac voltage-gated HERG channels in the same expression
system (Kiesecker et al., 2004).

From the blocking effect on K" and Na* currents in our
study, that is, involving their voltage dependence, we
suggest that the S4 subunit could play an important role in
binding of ajmaline, to voltage-gated Na* and K* channels
in muscle. In particular, the Hill coefficients, almost equal to
unity for both Iy, and Ik blocking of ajmaline, suggest a 1:1
stoichiometry of ajmaline to its binding target in both
channel entities.

For voltage-gated Na ' channels, plant alkaloids, including
ajmaline, act at six or more distinct receptor sites on the
channel protein (Wink, 1993, 2000; Cestele and Catterall,
2000). Further evidence comes from blocking effects of
ajmaline on L-type Ca®>" currents in ventricular myocytes
(Bebarova et al., 2005b) and dual effects of prajmaline on
Ca®™* currents in frog cardiomyocytes (Alvarez and Vassort,
1991). This is expected from the high homology of the
voltage-dependent Na™, K™ and Ca®?" channels (Catterall,
1988; Lehmann-Horn and Jurkat-Rott, 1999). The hypothesis
of multiple binding sites is further corroborated by the
finding that ajmaline also blocks channels that do not have a
voltage sensor (e.g., Karp). Further research, especially
channel modelling and knockout studies will be needed to
clarify the exact involvement of the voltage sensors as a
target for ajmaline.
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