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Abstract. We used4 the patch-clamp technique to
identify and characterize the electrophysiological,
biophysical, and pharmacological properties of K+

channels in enzymatically dissociated ventricular cells
of the land pulmonate snail Helix. The family of
outward K+ currents started to activate at �30 mV
and the activation was faster at more depolarized
potentials (time constants: at 0 mV 17.4 ± 1.2 ms vs.
2.5 ± 0.1 ms at + 60 mV). The1 current waveforms
were similar to those of the A-type family of voltage-
dependent K+ currents encoded by Kv4.2 in mam-
mals. Inactivation of the current was relatively fast,
i.e., 50.2 ± 1.8% of current was inactivated within
250 ms at + 40 mV. The recovery of K+ channels
from inactivation was relatively slow with a mean
time constant of 1.7 ± 0.2 s. Closer examination of
steady-state inactivation kinetics revealed that the
voltage dependency of inactivation was U-shaped,
exhibiting less inactivation at more depolarized
membrane potentials. On the basis of this phenome-
non, we suggest that a channel encoded by Kv2.1
similar to that in mammals does exist in land pulm-
onates of the Helix genus. Outward currents were
sensitive to 4-aminopyridine and tetraethylammoni-
um chloride. The last compound was most effective,
with an IC50 of 336 ± 142 lmol l�1. Thus, using
distinct pharmacological and biophysical tools we
identified different types of voltage-gated K+ chan-
nels.
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Introduction

A heart is a group of muscular cells that are electri-
cally coupled so that the cells beat as if they were a
syncytium2 . Like the mammalian heart, the mollusc
heart exhibits regular action potentials (Huddart &
Hill, 1996; Zhuravlev et al., 2001). Spontaneous ac-
tion potentials with a spike-like waveform have also
been recorded from the single cardiac cells of the snail
Lymnaea (Yeoman & Benjamin, 1999). In these
molluscs the depolarization phase of cardiac action
potentials is due to the influx of Ca2+ ions; the K+

channel accounts for repolarization. Although the
voltage-dependent outwardly rectifying K+ channels
were first characterized by Hodgkin and Huxley
(1952) in invertebrates more than 50 years ago and
the ionic currents responsible for the resting mem-
brane potential in the heart of the snail Lymnaea were
described by Brezden, Gardner & Morris (1986)
about 15 years ago, there have been very few studies
of ion channels in invertebrate cardiac myocytes.
Since the mollusc heart is regulated by cholinergic,
serotonergic, and peptidergic neurotransmitters
(Buckett et al., 1990; Brezden, Benjamin & Gardner,
1991; Kuwasawa & Hill, 1997), we were interested in
understanding their role in the modulation of ion
channels in this organ in general and in the genera-
tion of noncholinergic junction potentials (Zhuravlev
et al., 2001) in particular. To determine the role of
these junction potentials we first characterized the
ionic channels present in cardiomyocytes of the gas-
tropod snail Helix. Although logically the knowledge
about ion channels in the heart of pond snail Lym-
naea (Brezden et al., 1986, 1999; Yeoman & Benja-
min, 1999; Yeoman, Brezden & Benjamin, 1999)
could be extended to land pulmonates, to date
nothing is known about the ion channels and their
role in the latter molluscs. Thus, our data describe
the voltage-gated K+ channels in the heart of Helix.
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The properties of these currents closely resemble
those of mammals and contribute to the repolariza-
tion phase of action potentials. Some of our data
appeared in a preliminary communication (Kodirov,
Zhuravlev & Kreye, 1995).

Materials and Methods

CELL ISOLATION

Ventricular myocytes were dissociated from hearts of snail Helix.

The animals were kept at room temperature (20–24 �C), and fed ad
libitum on vegetable. The procedure of cell isolation was modified

from that described previously (Maruyama et al., 1987; Pfrunder &

Kreye, 1991). In brief, the heart was dissected from the animal, and

the auricle and the remains of the aorta were removed. The ventricle

was cut exactly into two pieces in order to protect it from an ex-

cessive exposure to enzymes. The cells were then dissociated by di-

gestion for 20–30 min in KB solution (Isenberg & Klockner, 1982)

containing papain (20 units ml�1) and collagenase (1 mg ml�1).

After digestion, the cells were centrifuged, the supernatant was re-

moved, and the pellet was resuspended in a fresh KB solution.

ELECTROPHYSIOLOGY

The surfaces of dissociated Lymnaea ventricle cells have been re-

ported to have numerous invaginations, which makes the whole-

cell patch-clamp recordings difficult. Therefore, in some previous

studies, sharp microelectrodes were used in order to perform

voltage-clamp measurements in these cells (Yeoman & Benjamin,

1999; Yeoman et al., 1999). Although we faced the same difficulties

with the majority of cardiomyocytes of Helix we were able to

conduct whole-cell recordings (Hamill et al., 1981) in these cells.

Data were acquired with an RK-400 patch- and cell-clamp ampli-

fier (Bio-Logic) and the pClamp 6.0.3 software package (Axon

Instruments). The current signals were filtered at 1 kHz and stored

for later off-line computer analyses; the sampling interval was 2

kHz. Microelectrodes were fabricated from capillary tubes (WPI)

with the P87 puller (Sutler Instruments). Electrodes had resistances

of between 1.5 and 4 MW when filled with an intracellular solution.

The calculated junction potential between external and internal

standard solutions was 7.3 mV at 24�C. Series resistance was

electrically compensated to minimize the duration of the capacitive

current. Electrophysiological experiments were performed at room

temperature (20–24�C).

SOLUTIONS AND CHEMICALS

In all experiments a physiological solution of the following com-

position was used (in mmol l�1): 135 NaCl, 5.4 KCl, 0.33 NaH2-

PO4, 1 MgCl2, 1 CaCl2, 10 HEPES, and 10 glucose. The pH of this

solution was adjusted with NaOH to 7.4. The cells in the chamber

were supervised with the appropriate external solution by means of

a peristaltic pump. The pipette solution contained (in mmol l�1):

140 KCl, 1 MgCl2, 10 HEPES, 5 EGTA, 5 Mg2ATP, 0.1 GTP (pH

of 7.2 was adjusted with KOH). KB solution contained (in mmol

l�1): 85 KCl, 30 K2HPO4, 5 Na2ATP, 5 MgSO4, 0.2 EGTA, 5

creatine, 20 taurine, 5 pyruvate, 5 sodium 3-hydroxy-b-butyrate, 20
glucose, and 10 HEPES; pH of 7.2 was adjusted with KOH. To this

solution albumin (1 mg ml�1) was also added. Stock solutions of 4-

aminopyridine (4-AP) and tetraethylammonium (TEA) in 10-mmol

l�1 concentration were prepared. All chemicals were purchased

from Sigma.

DATA ANALYSIS

All data were initially recorded without leak subtraction, which

was performed later in some cells with a pClamp protocol (Axon

Instruments). Origin (Microcal) and Microsoft Excel software were

used for data analyses.
The TEA-induced inhibition of current amplitude within 250

ms was calculated as ITEA/Icontrol. The mean relative current was

plotted as a function of TEA concentration, which was fitted with

the sigmoidal curve of logistic function:

y ¼ A2 þ ðA1 � A2Þ=ð1þ ðx=x0ÞpÞ;

where A1 and A2 are the initial and final values, respectively; x0, is

the concentration that produces the half-maximal inhibition (IC50);

p is a slope value.
The voltage dependency of activation was determined by fitting

the time constants with the sigmoidal curve of the Boltzmann

function:

y ¼ A2 þ ðA1 � A2Þ=ð1þ expððx � x0Þ=dxÞÞ;

where A1 and A2 are the initial and final values, respectively; x0 is

the half-maximal (V0.5) value; and dx is a slope factor. This function

was also used for the determination of half-maximal activation and

inactivation voltages.
The dissociation constant (KD) was estimated (Denton & Leiter,

2002) using the equation:

KD ¼ ð½TEA� � ITEAÞ=ðIcontrol � ITEAÞ;

where [TEA] is the tested concentration of TEA; ITEA and Icontrol
are the amplitudes of current in the presence and the absence of

TEA, respectively.
The time constants for activation and inactivation of current

were calculated using the exponential function of the Chebyshev

method (Clampfit 6.0.3) according to equation:

fðtÞ ¼ Ai � expð�t=siÞ þ C;

where Ai and C are the amplitude of activating (or inactivating)

and steady-sate components, respectively; si is time constant for
current activation and inactivation, respectively. In order to obtain

the activation time constants, data were fitted from the start of

current activation to its peak value; inactivation s values were de-
fined by the data points ranging between the peak current value

and those at the end of pulse duration.
The data are presented as the means ± SEM and n corresponds

to the number of experiments. Student’s t-test was used to examine

the difference between data groups; P < 0.05 was considered sig-

nificant.

Results

HOLDING-POTENTIAL DEPENDENCE OF OUTWARD

CURRENT

Healthy cells contracted in response to high K+

leaking from the pipettes before the whole-cell con-
figuration was established. This was a reversible re-
sponse, i.e., if the membrane of the cell was really
undamaged, the observed contraction was always
followed by immediate relaxation.

The currents were elicited with voltage steps
ranging between �50 and +80 mV from holding
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potentials of �40 mV (Fig. 1A) and �70 mV (Fig.
1B) in 10-mV increments. The pulse protocol is
drawn in Fig. 1A. Duration of the tested pulses was
250 ms. The outward currents evoked during depo-
larization up to +20 mV were sustained and did not
show significant inactivation, but at a voltage range
between +30 and +80 mV the currents were signif-
icantly inactivated. At a holding potential of �40
mV, the net outward current was relatively small
(Fig. 1A), but significantly increased at more negative
holding potentials, for example, at �70 mV (Fig. 1B).
Note that the waveforms of currents under both
conditions were similar, revealing the activation of
the same channels. In Lymnaea the holding-potential
dependence of A-type K+ current that exhibited
steady-state inactivation at more positive voltages
was determined in the presence of 5 mM TEA
(Yeoman & Benjamin, 1999). Here we tested this
phenomenon under control conditions, i.e., experi-
ments were conducted in standard physiological

solution (Fig. 1A, B). Thus, outward K+ currents in
Helix, unlike those in the blue mussel (Curtis, De-
pledge & Williamson, 1999), cannot be separated into
two components, i.e., A-type (IA) and delayed recti-
fier (IK), by different holding potentials. However,
inactivation of the current was significantly faster at a
holding potential of �70 mV, i.e., 50.2 ± 1.8% (n =
18, P < 0.01) of current was inactivated within 250
ms at +40 mV step potential. This value under
identical conditions at holding potential of �40 mV
was 39.8 ± 1.7% (n = 31). Starting at �30 mV, the
I-V relationships of peak current (Fig. 1C) and those
measured at the end of 250-ms pulses (Fig. 1D) show
activation of outward current. The I-V relationship of
peak current shows prominent outward rectification
(Fig. 1C), and the average values of current densities
at holding potentials of �40 and �70 mV at +60 mV
were 44.9 ± 3.2 pA pF�1 (n = 31) and 104.5 ± 9.1
pA pF�1 (n = 18, P < 0.001), respectively. Thus, the
properties of outward currents were similar to those

Fig. 1. Identification of K+ currents. (A) A family of potassium

currents was evoked in standard physiological solution in response

to voltage pulses from �50 to +80 mV from a holding potential of

�40 mV. The pulse protocol is shown in the upper part of Fig. 1A.

(B) The current obtained from the same cell under similar con-

ditions, but at a holding potential of �70 mV. Under these

conditions the amplitude of outward currents was increased. I-V

relationships for peak current densities (C) and those measured at

the end of 250-ms pulses (D) are shown. Empty and filled symbols

are current densities at holding potentials of either �70 mV or �40
mV, respectively. Scale bars shown in A refer to B as well.
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of voltage-dependent outwardly rectifying potassium
channels.

DOSE-DEPENDENT EFFECTS OF TEA

Outward K+ current was also characterized by
applying relatively low concentrations of TEA.
Figures 2A and B show the currents evoked from a
holding potential of �40 mV to either +20 or +80
mV (these two membrane potentials were chosen
randomly for the clarity of presentation). Applica-
tion of 100 lmol l�1 (Fig. 2A, B; 	) and 10 mmol
l�1 TEA (Fig. 2A, B; u) significantly decreased the
current magnitude. Moreover, currents evoked at
+20 mV (Fig. 2A) in the presence of 100 lmol l�1

TEA showed crossover. The activation under these
conditions was slow, and no significant inactivation
during the 250-ms voltage steps was observed. Un-
der control conditions the current started to activate
at �30 mV (n = 31) and gradually increased in
amplitude at more positive potentials (Fig. 2C; d).
The I-V relationship of peak currents demonstrates
a pronounced outward current despite the presence
of 100 lmol l�1 TEA (Fig. 2C; 	). Cumulative
application of TEA up to 10 mmol l�1 significantly
blocked the current (Fig. 2C; u). Thus, a dose-re-
sponse curve for the TEA effect at tested concen-
trations ranging from 1 nmol l�1 to 30 mmol l�1 (n
= 3–10) was obtained (Fig. 2D). The TEA-induced
inhibition of current amplitude within 250 ms at
+40 mV was calculated as ITEA/Icontrol. The relative
current was plotted as a function of TEA concen-
tration to estimate both an IC50 of 336 ± 142 lmol
l�1 and a slope value of 0.8 ± 0.2. Note that 30
mmol l�1 TEA did not further decrease the ampli-
tude of current (Fig. 2D). The effect of TEA was
not significantly voltage-dependent at membrane
potentials ranging between +20 and +80 mV, as
shown in Fig. 2E, where m and D are 100 lmol l�1

and 10 mmol l�1 TEA, respectively. The estimation
of TEA dissociation constant (see Materials and
Methods) did not reveal voltage dependence (Fig.
2F; e and r are 1 and 10 mmol l�1 TEA, respec-
tively). The effect of TEA was reversible upon wash-
out (data not shown; however, see Fig. 3).

COMPARISON OF CURRENT BLOCKADE BY 4-AP AND

TEA

In the next sets of experiments, first the effects of
4-AP on outward currents in Helix ventricular cells
were evaluated (Fig. 3). Figure 3A shows the currents
evoked using the pulse protocol shown in Fig. 3E.
One of characteristics of A-type currents is their
sensitivity to the K+ channel blocker 4-AP. To test
this phenomenon, the cells were exposed to increasing
concentrations of 4-AP up to 1 mmol l�1. Figure 3B
shows the currents evoked in the presence of 1 mmol

l�1 4-AP, which significantly affects the amplitude of
outward K+ current. The average values of current
densities at +50 mV (holding potential: �70 mV)
under control conditions and in the presence of 1
mmol l�1 4-AP were 106.8 ± 22.9 pA pF�1 and 79.8
± 25.8 pA pF�1 (n = 3, P < 0.05), respectively. The
significant portion of remaining outward current
after the application of 1 mmol l�1 4-AP (Fig. 3B)
was blocked by TEA. Sensitivity to TEA is one of the
properties of delayed rectifier K+ currents, including
those in molluscs (Yeoman & Benjamin, 1999). The
outward current traces in the presence of both 1
mmol l�1 4-AP and 1 mmol l�1 TEA are illustrated in
Fig. 3C. The outward current in Helix ventricular
cells was more sensitive to TEA (Fig. 3C) than to
4-AP (Fig. 3B) at 1 mmol l�1 concentration. The
block caused by 4-AP and TEA was almost entirely
reversible with washout (Fig. 3D). The 4-AP- and
TEA-sensitive currents for this particular cell are
shown in Fig. 3E and F, respectively. Note that the
currents sensitive to TEA (Fig. 3F) and those under
control conditions (Fig. 3A; see also Fig. 1B and
Fig. 4A) have identical waveforms. Thus, the peak
and pseudo steady-state outward K+ currents were
similarly sensitive to TEA (see Discussion).

KINETIC PROPERTIES

In further experiments the effects of longer depolar-
izing pulses were examined to find the true steady-
state, i.e., noninactivating, current. Membrane cur-
rents were evoked at voltages ranging between �90
and +60 mV for 400 ms from a holding potential of
�50 mV; after each step the membrane potential was
changed to a constant +40 mV for 400 ms. However,
even during these relatively long pulses, outward
currents continued to decay and reached only a
pseudo steady state within 400 ms (Fig. 4A). Hyper-
polarizing the cell to potentials between �90 and �60
mV produced only small linear leakage currents
(Fig. 4A), confirming the absence of an inward rec-
tifier K+ current (Yeoman & Benjamin, 1999). The
effect of TEA on the current was tested under con-
ditions similar to those shown in Fig. 2. Application
of TEA (n = 5) dose-dependently reduced the peak
and steady-state currents (data not shown).

To determine the potential dependence of K+

current activation, the peak currents that could be
recorded during <50-ms pulses were analysed (Fig.
4A, B). Note that the current traces in Fig. 4B are
shown in an expanded time and amplitude scale (scale
bars are shown as an inset). The outward current
elicited by depolarization to potentials ranging from
�10 to +80 mV from a holding potential of �50 mV
was analyzed. Unlike the A-type currents described in
Lymnaea, the activation of current was relatively fast,
ranging from 11.9 ± 0.7 ms at +20 mV to 1.7 ± 0.1
ms at +80 mV (Fig. 4B, F; n = 20, P < 0.001).
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Plotting of the obtained time constants (s) against
voltage commands yielded the activation curve (Fig.
4F; D). These data were best fitted with the sigmoidal

curve of Boltzmann function, and the half-maximal
activation voltage of +18.7 ± 3.8 mV and the slope
factor of 16.3 ± 3.2 mV (n = 20) were found. Thus, a

Fig. 2. Dose-dependent inhibition of current by TEA. (A) Mem-

brane currents were recorded with constant 250-ms test pulses to

potentials ranging between �50 and +80 mV from a �40 mV

holding potential. For the illustration, only current traces at +20

(A) and +80 mV (B) are chosen. Currents were evoked before (d)

and after the application of 100 lmol l�1 (	) and 10 mmol l�1 (u)

TEA; corresponding I-V relationships are superimposed in C. (D)

Dose-response relationship of TEA effect (n = 3–10). The tested

concentration ranged between 1 nmol l�1 and 30 mmol l�1 and

peak outward currents were normalized as ITEA/Icontrol. Data were

fitted with the sigmoidal curve of logistic function and the IC50 of

336 ± 142 lmol l�1 was estimated. (E) The effect of TEA at

membrane potentials ranging between ±0 and +80 mV, where m

and D are 100 lmol l�1 and 10 mmol l�1 TEA, respectively. (F)

TEA dissociation constant (e and r are 1 and 10 mmol l�1 TEA,

respectively).
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comparison of currents distinguished by depolarizing
voltages demonstrated a significant difference in the
activation time constants, i.e., this property of the
channel was voltage dependent (Fig. 4F). On the
basis of both fast activation rates and relatively de-
polarized thresholds of these K+ currents, they could
contribute to the repolarization phase of the action
potentials, as also suggested by their TEA sensitivity
(Yeoman & Benjamin, 1999).

Next, the peak outward currents were normalized
to the current with the maximal amplitude (at +60
mV) as I/Imax and plotted as a function of command
voltages (Fig. 4D; j). The half-maximal chord con-
ductance occurred at +25.3 ± 1 mV with a slope
factor of 15.5 ± 0.7 mV. For the analysis of steady-
state inactivation, the currents were evoked at con-
stant +40 mV (shown in Fig. 4A and expanded in C),

normalized to the maximal value, and plotted ver-
sus prepulse voltages. Half-maximal inactivation oc-
curred at �29.9 ± 4.4 mV (n = 21) with slope factor
of 17.3 ± 4.2 mV (Fig. 4D;u). To determine whether
or not the steady-state inactivation kinetics of K+

current in Helix ventricular cells were voltage de-
pendent, the current magnitude in response to a de-
polarizing pulse was fitted with an exponential
function (Fig. 4C). Here, the same experiment shown
in Fig. 4A is demonstrated in an expanded time and
amplitude scale. The steady-state inactivation of
current at +40 mV (Fig. 4C) was best fitted to a
single exponential with a mean time constant of 200.3
± 13.9 ms (n = 20) at a prepulse of �90 mV (Fig. 4F;
m). Figure 4E shows the I-V relationship for peak (d)
and pseudo steady-state (	) currents evoked at
potentials ranging between �90 mV and +60 mV

Fig. 3. Comparison between the effects of 4-AP and TEA. (A)

Currents were elicited under control conditions from a holding

potential of �70 mV. The pulse protocol is shown in E. (B) Effects

of 1 mmol l�1 4-AP. (C) Currents recorded after administration of

1 mmol l�1 TEA in the presence of 1 mmol l�1 4-AP. (D) The effect

of agents was reversed by perfusion with standard saline. (E and F)

Subtracted 4-AP- and TEA-sensitive currents, respectively.
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Fig. 4. Biophysical properties of K+ currents. (A) Steady-state

inactivation of outward current. To measure the activation and

inactivation kinetics, the channels were activated by command

steps to between �90 and +60 mV from a holding potential of �50
mV. (B and C) The same current traces shown in A are shown in an

expanded time and amplitude scale. These figures demonstrate the

analysis of activation and inactivation properties of current, re-

spectively. Note that single-exponential curves and current traces

superimposed. (D) Half-maximal voltage for K+ current activation

and inactivation. (E) The values of both peak outward (d) and

pseudo steady-state current densities (at the end of 400 ms, 	) are

plotted versus membrane potentials (n = 21). (F) Time constants

for both the activation (D, B) and inactivation (m, C) were esti-

mated by fitting either the current rise or decay with the single-

exponential function of the Chebyshev method.
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under control conditions. The examples of raw data
from which this I-V plot was calculated are shown in
Fig. 4A. At more depolarized potentials, i.e., starting
at �20 mV, the cells show a pronounced outward
current that increased as the membrane potential
became more depolarized (Fig. 4A, E). K+ current
displayed outward rectification at depolarized vol-
tages positive to �20 mV and a tendency to saturate
between +50 and +60 mV (Fig. 4E). The average
values of peak current densities and those measured
at the end of 400-ms pulses at +60 mV (holding
potential: �50 mV) were 71.1 ± 5.9 pA pF�1 and
40.2 ± 5.2 pA pF�1 (n = 22), respectively. The latter
values further confirm holding potential-dependent
activation of channel (see above, Fig. 1 C, D).

The recovery of K+ channels from inactivation
was relatively slow. In order to study this property of
the channel, the outward K+ currents were recorded
using a double-pulse protocol. Membrane potential
was depolarized to constant +50 mV from a holding
potential of �50 mV and the interval between two
pulses was varied from 0.02 to 3.8 s (Fig. 5A). Note
that recovery from inactivation was almost complete
only after 3 s. For the analysis of recovery from in-
activation, the currents evoked by the second pulse
were normalized to those activated by the first one (as
IPULSE2/IPULSE1), and the obtained ratio was plotted
versus interpulse intervals (Fig. 5B). The latter value
at +50 mV was best fitted to a single-exponential
function with a mean time constant of 1.7 ± 0.2 s (n
= 4). These data support the notion that in Helix
heart the total outward K+ currents may consist of
multiple components (see Discussion).

Discussion

Delayed rectifier (IK) and A-type K+ currents (IA)
were first characterized in neurons of molluscs

(Connor & Stevens, 1971a, 1971b; Neher, 1971;
Thompson, 1977). In cardiac cells of molluscs, IK and
IA are also present and they have been shown to be
differently sensitive to holding potentials (Curtis et
al., 1999; Yeoman & Benjamin, 1999). In Lymnaea,
IA channels are completely inactivated at holding
potentials of �40 mV, but not the IK channels.
Moreover, IK could be activated even from a holding
potential of �10 mV. IK in Lymnaea has been shown
to be sensitive to TEA; A-type K+ current was
blocked by low concentrations of 4-AP (1–5 mmol
l�1) and was relatively insensitive to 10 mmol l�1

TEA (Yeoman & Benjamin, 1999). IA currents in this
preparation are masked under delayed rectifier cur-
rents and could be unmasked by application of 10
mmol l�1 TEA. In Helix, already under control
conditions (Fig. 1), the current waveforms were dif-
ferent from those in Lymnaea. These currents, unlike
most A-type K+ currents, including those in Lymn-
aea heart, are highly sensitive to external TEA with
an IC50 of 336 ± 142 lmol l�1 (n = 3–10; Fig. 2D).
Similar sensitivity to TEA (IC50 of 88 ± 12 lmol l�1)
is known only for the atypical cloned A-type K+

currents encoded by HKShIIIC (human K+ channel
ShIII cDNA) gene (Rudy et al., 1991). Since an ex-
ternal TEA exhibits high affinity to A-type K+ cur-
rents in Helix heart, one might suggest that its effects
should not be voltage-dependent. This was, indeed,
the case (Fig. 2E). Thus, our data revealed that nei-
ther IC50 (data not shown) nor KD for TEA block
(Fig. 2F) of IA currents in Helix heart, unlike those in
neurons (Denton & Leiter, 2002) of the same species,
were significantly voltage-dependent. Extracellular
TEA (100 lmol l�1) reduced the amplitude of peak
outward K+ current and decreased the decay of
current. The latter effects resulted in a crossover of
current with those recorded under control conditions.
It is interesting to note that, although the current
waveforms under control conditions are not identical,

Fig. 5. Recovery of K+ channels from inactivation. (A) Outward

K+ currents were recorded using a combination of two pulses to

constant +50 mV from a holding potential of �50 mV. Tested

interpulse intervals ranged between 0.02 � 3.8 s. (B) The peak

outward currents were normalized as IPULSE2/IPULSE1. The time

constant (s = 1.7 ± 0.2 s, n = 4) for recovery from inactivation

was defined by fitting data points with the single-exponential

function.
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the observed activation threshold of �20 mV for the
delayed rectifier current in Lymnaea ventricular cells
is comparable to that recorded in Helix. The differ-
ences in outward-current waveforms probably un-
derlie the relatively slow in vivo heart rate in
Lymnaea (0.3 Hz) compared with Helix (
1 Hz).

Thus, in Helix heart, similar to mammals,
probably several or at least two voltage-dependent
K+ channels contribute to the total outward cur-
rents. One of the components may be similar to the
A-type K+ current encoded by Kv4.2 (Bahring et al.,
2001; Nadal et al., 2001). We came to this conclusion
after detailed analysis of the activation kinetics of
currents evoked by a stepwise change in membrane
potential (Fig. 4A). The activation of current was
voltage dependent and relatively fast (Fig. 4B). Ap-
proximation of activation time constants between
�10 and +80 mV yielded a half-maximal value (V0.5)
of +18.7 ± 3.8 mV, and the s value at +20 mV (a
value close to V0.5) was 11.9 ± 0.7 ms (Fig. 4F; n =
20). Unlike A-currents described in Lymnaea, the
activation of currents in Helix was relatively fast,
ranging from 21.5 ± 2.4 ms at �10 mV to 6 ± 0.8 ms
at +40 mV (Fig. 4B, F; n = 20, P < 0.001). The
values for the same voltages are about half those
described for the cardiac cells of the pond snail, i.e.,
50.4 ± 5.2 and 12 ± 1.4 ms, respectively (Yeoman &
Benjamin, 1999). This discrepancy probably resulted
from differences in experimental conditions, but it
may also indicate variation in the properties of
identical channels between different species of ani-
mals. Moreover, since the majority of native channels
represent a combination of both Kv a and b subunits
(Trimmer, 1998), possible effects of auxiliary subunits
may be suggested, as evidenced by comparison of
activation time constants with those in previous
studies of mammalian A-type K+ currents either
encoded by Kv4.2 alone or co-encoded by Kv4.2 and
KChIP, i.e., 7.3 ± 0.6 and 5 ± 0.4 ms, respectively
(Nadal et al., 2001). Interestingly, these s values and
those obtained in our studies (see above, Fig. 4B, F)
were comparable within the same membrane poten-
tials. Inactivation of the current in Lymnaea was
fairly rapid, and its amplitude decreased by 53.3 ±
4.9% during the 200-ms voltage step. This phenom-
enon was also shown under similar but not identical
conditions (for example, pulse duration and the ab-
sence of TEA differed) in Helix, where 50.2 ± 1.8%
(n = 18) of current was inactivated within 250 ms at
+40 mV (Fig. 1B). Although in Helix the cardiac
current waveforms were clearly distinct from those of
neurons, the previous organ, similarly to the latter
one, may posses two or three kinds of A-type K+

currents (Bal et al., 2001). This suggestion is evi-
denced by experiments (Fig. 1A) that were carried
out, similar to those in neurons (Furukawa, Kandel
& Pfaffinger, 1992; Alekseev & Ziskin, 1995; Bal
et al., 2001), at a holding potential of �40 mV, a

membrane potential at which a traditional A-type
K+ currents are inactivated. The recovery of K+

channels from inactivation in Helix cardiac cells,
unlike those of the A-type K+ currents encoded by
Kv4.2 (Bahring et al., 2001), was relatively slow with
a mean time constant of 1. 7 ± 0.2 s (n = 4).
Therefore, we suggest that the total outward currents
in Helix may have multiple components.

Closer examination of steady-state inactivation
kinetics led us to an interesting observation. Namely,
the voltage dependency of inactivation was not clas-
sical, but like Kv2.1 U-shaped (Klemic et al., 1998),
exhibiting less inactivation at more depolarized
membrane potentials. After taking into account this
phenomenon and the above-mentioned outcome of
analysis, we suggest that channels encoded by Kv2.1
and Kv4.2, similarly3 to those in mammals, do exist in
land pulmonates of the Helix genus.
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