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Electrophysiological and pharmacological characterization
of K*-currents in muscle fibres isolated from the ventral
sucker of Fasciola hepatica
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SUMMARY

Fibres isolated from the ventral sucker of Fasciola hepatica were identified as muscle on the basis of their contractility, and
their actin and myosin staining. They were voltage-clamped at a holding potential of —40 mV and depolarization-activated
outward currents were characterized both electrophysiologically and pharmacologically. Activation was well fitted by a
Boltzmann equation with a half-maximal potential of +9 mV and a slope factor of —14-3 mV, and the kinetics of activation
and deactivation were voltage-sensitive. T'ail current analysis showed that the reversal potential was shifted by +46+3 mV
when Ei was increased by 52 mV, confirming that this was a K *-current with electrophysiological characteristics similar to
delayed rectifier and Ca®*-activated K "-currents in other tissues. The peak current at +60 mV was inhibited by 76+ 6%
by tetrapentylammonium chloride (1 mm) and by 84+7% by Ba®™ (3 mm), but was completely resistant to block by
tetraethylammonium (30 mwm), 3,4-diaminopyridine (100 um) and 4-aminopyridine (10 mM). Penitrem A, a blocker of
high-conductance Ca®* -activated K+ -channels reduced the current at +60 mV by 234 5%. When the effects of Ca®*-
channel blocking agents were tested, the peak outward current at +60 mV was reduced by 71 +7% by verapamil (30 um)
and by 59+4+4% by nimodipine (30 g#Mm). Superfusion with BAPTA-AM (50 um), which is hydrolysed intracellularly to
release the Ca?" -buffer BAPTA, also decreased the current by 444+ 16%. We conclude that voltage-and Ca®* -sensitive
K™ -channels are expressed in this tissue, but that their pharmacology differs considerably from equivalent channels in
other phyla.

Key words: Fasciola hepatica, muscle, actin, myosin, immunocytochemistry, scanning electron microscopy, voltage-
clamp, ion channels.

INTRODUCTION differences between host and parasite motor mech-
anisms to be identified and exploited (Fairweather &
Boray, 1999).

The use of the patch-clamp technique has led
to a huge growth in our understanding of the ion

Fasciola hepatica, or the common liver fluke, is a
flatworm, or platyhelminth, belonging to the Class
Trematoda. As such, it is both of considerable bio-
logical interest as an organism placed phylogeneti-
cally somewhere between the lower and higher
invertebrates, and of widespread economic and agri-
cultural concern as a common parasite in domestic
animals. Parasitic flatworms like F'. hepatica use their
body musculature both for movement and stabiliza-
tion within the host animal. It is no surprise, there-
fore, that many anthelmintic drugs appear to target
the neuromuscular system in these parasites (Martin,
1997). A better understanding of the neuromuscular
physiology of these organisms should also facilitate

channels responsible for excitation in mammalian
nerve and muscle (for review, see Sakmann & Neher,
1984), but relatively few studies have addressed
these issues from an electrophysiological perspective
in flatworms (Keenan & Koopowitz, 1981, 1984,
Bricker, Pax & Bennett, 1982; Solon & Koopowitz,
1982; Bennett & Kohler, 1987; Blair et al. 1991;
Blair & Anderson, 1993, 1994, 1996; Day et al. 1993,
1995; Kim et al. 2002; Cobbett & Day, 2003; Jang
et al. 2003). In this paper we describe the isolation
and identification of muscle fibres from the ventral
sucker of the liver fluke, F. hepatica and summarize
the results of voltage-clamp experiments carried out
on these cells. The sucker was studied both because
it provides a rich source of muscle and contains
few other cell-types, and also because it plays an

the search for new anti-parasitic agents, allowing key
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Fig. 1. Scanning electron micrographs of ventral sucker muscle from Fasciola hepatica. (A) Micrograph of a ventral
sucker treated with potassium hydroxide and collagenase to reveal the muscle fibres in situ. The circumferential
orientation of the underlying muscle is clearly seen on the exposed inner face of the sucker (outlined with a box).
(B) Enlarged region from within the boxed area in (A) showing muscle fibres (large arrows) and their attached cell
bodies (small arrowheads). (C) Individual muscle fibre isolated from the ventral sucker.

being flushed out of the biliary tract of the host
animal. This is, to the best of our knowledge, the
first such study on muscle from F. hepatica. It is only
the second voltage-clamp study on cells of any type
from this organism, a non-specific cation current
having recently been described in neurons isolated
from F. hepatica (Kim et al. 2002), although ion
channels from F. hepatica have also been studied in
lipid bilayers (Jang et al. 2003). We describe here
outward K *-currents evoked during depolarization,
along with their unusual pharmacological profile.
These characteristics are discussed with an emphasis
on how they compare with K*-channels in other
species.

MATERIALS AND METHODS

Experimental infections of Fasciola hepatica were
maintained in male albino Sprague-Dawley rats
which were initially infected under light ether anaes-
thesia with 20 metacercarial cysts (Veterinary Lab-
oratories Agency, Weybridge, Surrey, UK). Adult
flukes at least 12 weeks old were collected from the
bile ducts of rats killed by cervical dislocation. All
procedures were approved and licensed by the U.K.
Home Office Inspector under the provisions of the
Animal (Scientific Procedures) Act, 1986. Flukes
were stored at 37 °C in commercial sterile culture
medium (Sigma) first described by the National
Cancer Institute (medium code NCTC-135). This
was buffered with NaHCOj and contained penicillin
50 i.u./ml and streptomycin 50 ug/ml. Flukes were
used within 4 h.

Isolation of muscle fibres

A variant on a previously published technique was
used and has been described in detail elsewhere
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(Blair & Anderson, 1994 ; Kumar et al. 2003). Briefly,
the ventral suckers (Fig. 1A) were dissected from 3—4
flukes and incubated for 20 min at 37 °C in nominally
Ca’"-free (i.e. no added Ca?*") Hédon-Fleig saline
(pH 7-4) containing 0-1% (% =w/v except where in-
dicated) bovine serum albumin (BSA), 5 mwm dithio-
threitol (D'TT) and 0-:2% papain. Three washes
in papain-free solution were followed by a 40-min
incubation at 37 °C in nominally Ca’" -free Hédon-
Fleig saline containing 0-1% BSA, 5 mwm DTT and
0-2% trypsin. After 3 more washes, there was a
final 30-min incubation in nominally Ca%"-free
Hédon-Fleig saline, followed by 30—40 triturations
using a Pasteur pipette to release individual fibres

(Fig. 1C).

Scanning electron microscopy

The relevant techniques have been described fully
previously (Kumar et al. 2003). In order to reveal
the sucker muscle in situ, the tegument was partially
removed using a modification of the method of
Murakumo et al. (1995). Suckers were fixed for 4 h
at room temperature in 4% glutaraldehyde solution
containing 3% sucrose and buffered with 0-1 M so-
dium cacodylate (pH 7-4). They were then incubated
sequentially for 1h each in: 30% aqueous potassium
hydroxide (60 °C); 0-1 M phosphate-buffered saline
(PBS, pH 7-4); Hédon-Fleig saline containing 0-2%
collagenase (T'ype 1A, Sigma-Aldrich Co Ltd, Poole,
Dorset, UK); 0-1 m PBS (pH 7-4); and finally 2%
aqueous tannic acid at room temperature (all at 37 °C
unless indicated). Subsequently, the suckers were
rinsed and processed for scanning electron micro-
scopy (SEM) using overnight fixation in 1% aqueous
osmium tetroxide (OsO,) and a 1 h treatment with
0-5% uranyl acetate. The specimens were dehydrated
in acetone, critical-point dried in liquid CO,, and
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coated with gold/palladium in a Polaron E.5000
sputter-coating unit. Images were recorded using a
Joel 35-CF scanning electron microscope operated
at an accelerating voltage of 10 keV.

Isolated fibres were prepared using a modification
of the technique of Lincks et al. (1998). They were
transferred onto glass cover-slips and allowed to
settle for 30 min at 4 °C before 30-min fixation at
room temperature with a 4% glutaraldehyde solution
in 01 M sodium cacodylate buffer containing 3%
sucrose (pH 7-2). They were then washed in buffer
and fixed for 1 h in 1% OsOy in 0-1 M sodium caco-
dylate buffer (pH 7-2). Following 2-3 washes in
buffer, the samples were dehydrated in ascending
alcohol solutions. Drying and sputter-coating for
SEM were carried out as described above.

Fluorescence microscopy

Actin and myosin were labelled using techniques
which have previously been described in detail
(Kumar et al. 2003). Actin was labelled using
tetramethylrhodamine B isothiocyanate-conjugated
phalloidin (TRITC-phalloidin). Ventral
were prepared using cryostat sectioning as previously
described. The 6—7 um thick sections were air-dried
on glass slides and then fixed for 30 min at room
temperature in 4% paraformaldehyde (PFA) dis-
solved in 0-1 M PBS (pH 7-4). The sections were
permeabilized using 0-1 M PBS containing 0-5 % (v/v)
Triton X-100, 0:1% BSA and 0-1% sodium azide,
and then stained with 0-1 M PBS (pH 7-4) containing
TRITC-phalloidin (200 ng/ml). Fluorescent images
were captured using a confocal scanning laser micro-
scope (MRA-1, Bio-Rad Ltd, Abingdon, UK) with
excitation/emission wavelengths set to 514/570 nm.
Isolated cells were fixed for 20 min at room tempera-
ture using 4% PFA in 0-1 m PBS (pH 7-4), and then
permeabilized and stained as described for cryostat

suckers

sections. Confocal images were processed for pres-
entation using Laserscan (Bio-Rad) and Photoshop 7
(Adobe).

Myosin was labelled using indirect immuno-
fluorescence (Coons, LLeduc & Connolly, 1955) with a
polyclonal antiserum raised in rabbit against myosin
II from T solium (Ambrosio et al. 1997). This cross-
reacts with F. hepatica myosin in Western blots
(Kumar et al. 2003). Cryostat sections of ventral
sucker and isolated muscle fibres were fixed in
methanol for 10 min at —20 °C, washed in 0-1 M PBS
(pH 7-4) and incubated in the primary anti-myosin
antiserum (1:1000 dilution in 0-1 M PBS containing
0-5% (v/v) Triton X-100, 0-1% BSA and 0-1% so-
dium azide) for 3 h at room temperature. Fluorescein
isothiocyanate-(FITC-) conjugated anti-rabbit IgG
was used as the secondary antibody (1:50; supplied
by Dako Ltd, High Wycombe, Bucks, UK). FI'TC-
based fluorescence was imaged wusing confocal
microscopy with excitation/emission wavelengths
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of 488/530 nm. Control preparations, in which the
primary antiserum labelling step was either omitted
or substituted with incubation in non-immune rabbit
serum (Dako Ltd, High Wycombe, Bucks, UK),
showed no fluorescence.

Electrophysiological recordings

Freshly isolated muscle fibres were allowed to
settle onto the glass base of a rectangular perfusion
chamber on the stage of an inverted microscope
(Nikon Instruments, UK) and superfused with
10 mm HEPES-buffered Hédon-Fleig saline at room
temperature. The superfusion system allowed rapid
bath exchange (<5 s) between control and test solu-
tions. Individual fibres were observed using bright-
field illumination (x40 objective) and whole-cell
voltage-clamp established using the perforated patch
technique (Horn & Marty, 1988). Borosilicate ca-
pillary tubes (15 mm outer diameter, 1-17 mm inner
diameter, Clark Electromedical Instruments, Read-
ing, UK) were pulled to form micropipettes with a
tip resistance of 4-5 MQ (Flaming/Brown puller
model P-87, Sutter Instruments Co., USA). The
pipettes were dipped in a standard K -rich pipette
solution and then back-filled with solution contain-
ing amphotericin B. This forms pores in the under-
lying cell membrane which allow electrical access to
the intracellular space, while limiting dialysis of
cytoplasmic macromolecules. Amphotericin B was
made up as 60 mg/ml stock in dimethyl sulphoxide
(Me,SO) and then diluted in pipette solution to a
final concentration of 600 ug/ml (1% (v/v) Me,SO).

A patch-clamp amplifier (EPC 8§, HEKA Instru-
ments, Lambrecht, Germany) controlled membrane
potential (relative to an Ag/AgCl electrode in the
bath solution) and measured membrane currents.
Current records were filtered at 1 kHz, digitized at
3 kHz and analysed using WinWCP v. 3.0.1 software
(© Strathclyde University). Hyperpolarizing steps
from —40 mV to —80 mV were used to estimate
capacitance and series resistance after the membrane
current recordings had stabilized (Armstrong &
Gilly, 1992). Average values for series resistance
and cell capacitance were 20-1+2-8 MQ and 247 +
3-9 pF, respectively (mean+s.E.m.; n=9). Liquid
junction potentials were measured using the method
of Neher (1992) and were 2-3 mV for all solution
combinations used. Series resistance, cell capacitance
and liquid junction potentials were all left uncom-
pensated. Experimental protocols were commenced
once the current evoked by a depolarizing step to
+60 mV had stabilized, usually between 2 and 3 min
after seal formation.

Data summary and statistics

For the purposes of data summary, current ampli-
tudes were measured relative to the holding current
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at —40mV, with outward currents (upward
deflections) regarded as positive. Currents were
leak-subtracted using the slope conductance for an
incremental series of 10 mV hyperpolarizing steps
from —80 mV to —110 mV. Time-constants (1) for
activation, decay and deactivation of currents were
obtained by fitting the current records with single
exponentials using analysis software in the WinWCP
package. This applies an iterative, least-squares
minimization algorithm to maximize the goodness-
of-fit.

Average data have been expressed as the mean +
the standard error of the mean (s.E.M.) and the stat-
istical significance of apparent differences in mean
values assessed using either a paired ¢-test (for
comparisons of absolute data values) or the non-
parametric Wilcoxon signed-rank test (for compar-
isons of % changes). Differences between means were
accepted as statistically significant at the 95% level
(P<0-05). Mean data points were fitted with Boltz-
mann or exponential equations (see Results section)
using MacCurveFitv 1.5.5 (Kevin Rayner Software;
www.krs.com.au).

Drugs and solutions

All pharmacological agents were externally applied
in Hédon-Fleig saline. The following solutions were
used: Hédon-Fleig saline (mm): NaCl (120-7), KC1
(4), CaCl,.2H,0 (1-8), MgSO,.7H,0 (1), NaHCOg
(18-5), glucose (15), HEPES (10), pH set to 7-4 with
NaOH. Nominally Ca%"-free Hédon-Fleig was pre-
pared by omitting the CaCl,. PBS (mwm): NaCl
(145-5), NaH,PO, (2-5), Na,HPO, (30-7), pH set to
7-4. Patch pipette electrode solution (mm): KCI (53),
KGluconate (80), MgCl, (1), EGTA (0-5), HEPES
(10), pH set to 7-2 with KOH.

Antibody raised against 7. solium myosin was
the kind gift of Dr J. R. Ambrosio (Department of
Microbiology and Parasitology, School of Medicine,
National Autonomous University of Mexico, Mexico
City, Mexico 04510). BSA, collagenase, D'TT,
papain, sodium azide, trypsin, Triton X-100 and
TRITC-phalloidin were all obtained from Sigma-
Aldrich Co Ltd (Poole, Dorset, UK). Sodium caco-
dylate and OsO, were obtained from Agar Scientific
(Stansted, Essex, UK). All other chemicals were
obtained from BDH Laboratory Supplies (Poole,
Dorset, UK).

RESULTS

Structural studies of ventral sucker muscle in
F. hepatica

Experiments were carried out with a view to estab-
lishing that the isolated fibres were indeed muscle.
Muscle in the intact sucker was compared structur-
ally with the fibres released during the cell isolation
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process. Scanning electron microscopy of suckers
which had been partially digested to remove the tegu-
ment revealed the underlying musculature, whose
orientation is clearly circumferential on the inner
face of the sucker (Fig. 1A and B). Muscle fibres were
arranged parallel with each other and were approxi-
mately 3 um wide (Fig. 1B), but it was impossible to
tell what length each fibre was in these images as they
were closely apposed in series. Cell bodies were also
clearly seen to protrude laterally from the muscle
fibres. Isolated individual muscle fibres were similar
in width to muscle in situ and were generally
30-50 um in length (Fig. 1C). Approximately 80 % of
fibres contracted in response to high [K™] solution
(30 mm) or serotonin (1 #m). Both the muscle bundles
seen in situ within the suckers and the fibres isolated
from them labelled positively for actin (Fig. 2A and
B) and myosin (Fig. 2C and D), as assessed using
fluorescently tagged phalloidin, and a polyclonal
antibody raised against myosin I in 7. solium. Since
these isolated ‘cells’ were contractile and stained for
contractile proteins, it was concluded that they were
derived from the muscle of the sucker wall. The term
muscle fibre will be used in the rest of this paper
to refer to these isolated structures but, since most
fibres were no longer attached to their cell body (Fig.
1C), this term should not be taken to be synonymous
with a muscle cell. Incompletely digested bundles of
fibres, fused to one another centrally but free at either
end, were also often observed. Only single fibres,
which were completely isolated from their neigh-
bours, were studied electrophysiologically.

Electrophysiological characterization of
outward currents

Isolated muscle fibres from F. hepatica were in-
vestigated using the perforated patch technique to
voltage-clamp the entire fibre at a holding potential
of —40 mV. This is believed to be close to the resting
potential in flatworm muscle and has been used in
studies on muscle fibres isolated from the human
blood fluke, Schistosoma mansoni (Day et al. 1995).
Depolarizing steps from this potential elicited out-
ward currents (Fig. 3A; capacitance transients have
been clipped in this and other figures). The voltage
dependence of these currents was characterized by
increasing the amplitude of depolarization in 10 mV
steps up to a maximum of +60 mV. Outward cur-
rents were activated at —20 mV and above (Fig. 3B).
An activation curve was plotted for the normalized
whole cell conductance (G/G,,.y) and fitted with a
Boltzmann equation of the form:

G/Gmax=1/(1+exp[(V—Vos5)/k]);

where the conductance, G =(Peak Current)—+
(Membrane Potential-Reversal Potential), G«
is the conductance at +60 mV, V=(Membrane

Potential-Reversal Potential), V.5 is the value of V
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Fig. 2. Fluorescent staining for actin and myosin in ventral sucker from Fasciola hepatica. (A) Confocal optical section
from ventral sucker stained for actin with TRIT'C-labelled phalloidin. (B) Confocal image of isolated fibres from
ventral sucker labelled with TRI'T'C-labelled phalloidin. (C) Confocal micrograph of a sucker labelled for myosin
using a polyclonal antibody raised against type 11 myosin from Taenia solium and a FI'T'C-conjugated secondary
antibody. (D) Confocal images of isolated fibres labelled for myosin using the same antibodies.

at which G is half-maximal, and k is the slope factor
(Fig. 3C). The reversal potential was determined
from the voltage-dependence of tail-currents under
control conditions, as described below (Fig. 5), and
a value of —69 mV was used. This fit gave values
of 9 mV for Vysand —14:3 mV for k. The activation
kinetics of the current were also voltage-sensitive
over this range (Fig. 3D). The average value of the
activation time-constant (7,.), as determined using
a single exponential fitted to the rising phase of the
current, was reduced e-fold for every 32:1 mV
increase in membrane potential, falling from 36-5+
89ms at 0mV to 72+ 1-:0 ms at +60 mV (mean +
S.E.M.; n=7, P<0-02, paired t-test). None of the
current records exhibited the very rapid activation
and inactivation kinetics characteristic of an A-type
current. It should be noted, however, that the rela-
tively positive holding potential in the voltage
protocol used may well have inactivated any such
current.

In the vast majority of fibres the outward currents
were well maintained throughout the 500 ms depo-
larization and there was an appreciable outward tail-
current after repolarization to —40 mV (Fig. 3A and
B). At +60 mV the sustained current at the end of the
pulse averaged 77 +4% of the peak current during
the same step (n=7, P<0-05, paired ¢-test). In 7 out
of 83 fibres studied, however, the outward current
was more transient in nature, falling by more than
50% during the depolarizing step (Fig. 4A). When
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the data from these experiments were summarized,
however, the activation characteristics of these more
transient currents were indistinguishable from those
already described for the slowly decaying currents
(compare Figs 4B and C with Fig. 3). The Boltzmann
fit to the activation curve (not shown) gave values of
8 mV for Vg.; and —13-5 mV for k (R*=0-99). There
was an e-fold reduction in 7, for every 36:7 mV
increase in membrane potential, decreasing from
3514+57ms at OmV to 59+04ms at +60 mV
(Fig. 4C; P<0-001, paired ¢-test, n="7). The rate of
current decay was much slower than the rate of
activation but it was also accelerated with increased
depolarization. The mean time-constant for the
decay in current (Tgecay) fell e-fold for every 52:9 mV
increase in depolarization, dropping from 202-1+
34:0ms at +10mV to 108:84+14-6 ms at +60 mV
(n=7; Fig. 4D, P<0-05, paired t-test).

The activation characteristics of the currents
described above are very similar to those of delayed-
rectifier and Ca?"-activated KT -currents in other
cell types. The role of Kt as a charge carrier in
muscle fibres from F. hepatica was tested directly by
examining the effect of changes in extracellular [K ]
([K*],) on the reversal potential of the relevant tail-
currents. Outward currents were first activated by
depolarizing the fibres to +60 mV for 200 ms. Thail-
currents were then recorded following repolarization
to potentials which were increased in 10 mV steps
from —120mV to —10mV (Fig. 5A). In the
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Fig. 3. Step depolarizations from a holding potential of —40 mV evoked sustained outward currents in most muscle
fibres studied. (A) Superimposed traces of the currents recorded from a single muscle fibre are shown below the
applied voltage protocol. Depolarization was applied at 10 s intervals and increased in 10 mV steps from —40 mV to
+60 mV. In this (and all other) records, the broken horizontal line represents zero current. (B) Plot of the mean values
(£s.E.M.) of the peak current (filled symbols) and the sustained current (open symbols) at each membrane potential

for 7 muscle fibres. (C) Data points represent the mean values of normalized whole cell conductance (G/G,,.y) at each
membrane potential (see text for details). The solid curve is a Boltzmann equation with half-maximal activation at

9 mV and a slope factor of —14:3 mV (R? for fit=0-99). (D) Plot of the mean time-constant (7,) for activation of the
outward current at each membrane potential used.

experimental records shown the tail-currents re- from —69+3 mV in the control solution to —23+
corded under control conditions, i.e. with [K*],= 1 mV with a [KT], of 30 mm (=6, P<0-00005,
4 mm (calculated Eg=—89mV), reversed at a paired t-test). Thus, a 52 mV positive shift in the
potential close to —70 mV (Fig. 5B). When [K™*], calculated Ei resulted in a mean shift of 46 +3 mV in

was raised to 30 mm (Ex=—37 mV), the reversal the reversal potential of the current, evidence that the
potential was shifted in a positive direction, with majority of this current was carried by potassium
inwardly directed tail-currents at potentials negative ions.

to —20 mV. These inward currents became larger One unusual feature of the voltage dependence
when [KT], was further raised to 50 mm (Ex= of the tail-currents was the apparent outward recti-
—25mV; Fig. 5B). Data from 6 such experiments fication under control conditions, while the mean
were summarized by measuring the tail-current amplitude of the inward currents actually decreased
amplitude 6 ms after repolarization. This delay was at the most negative potentials in 30 mm [K 1], (Fig.
necessary to avoid contamination by the inward 5C). These features are a consequence of the 6 ms
capacitative currents. When the voltage dependence delay before the tail-currents were measured. Since
of the mean tail-currents was plotted, the reversal the ionic current deactivates on repolarization, this
potential was shifted in a positive direction when delay will inevitably lead to an underestimate of
[K*], was raised from 4 mm to 30 mm (Fig. 5C). The their size. The deactivation kinetics were voltage-
reversal potential was estimated for each fibre using dependent, so that the tail-currents decayed more
linear interpolation and the average value was shifted rapidly at more negative potentials (Fig. 5B).
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Fig. 4. Step depolarizations evoked more transient outward currents in a small percentage of muscle fibres studied.
(A) Superimposed traces of the currents recorded from a single muscle fibre during voltage steps from —40 mV

to +60 mV. The initial outward current decayed markedly during the maintained depolarizing step. (B) Plot of the
mean values (£ 5.E.M.) of the peak current (filled symbols) and the sustained current (open symbols) evoked at each
membrane potential for 7 fibres in which current decayed by more than 50% during the depolarizing step to +60 mV.
(C) Voltage-dependent changes in the mean time-constant of activation (7,..). (D) Voltage-dependent changes in the
mean time-constant of current decay during depolarization to the potentials indicated (Tgecay)-

Although this is most obvious from inspection of
recordings made in the presence of high external
[K*], analysis demonstrated that the voltage-
dependence of the rate of deactivation was similar in
both normal and high [K "], (Fig. 5D). Overall, there
was an e-fold reduction in Tge,e: for every 30-5 mV
depolarization with normal [K™*],, and for every
30-2 mV depolarization when [K ], was 30 mm. The
mean Tgeuee fell from 54:8+5:6 ms at —30 mV to
5941-6 ms at —90 mV in control [K*], (n=6, P<
0-0001, paired t-test), and from 62-4+4-9ms to
10-:94+1-5ms over the same voltage range when
[K*], was set to 30 mMm for the same fibres (P<
0-001, paired t¢-test). The increased rate of deacti-
vation means that underestimate of tail-current due
to the delay in measurement will be greatest at the
most negative potentials, and could thus account for
the apparent rectification seen.

Effects of KT channel blockers on the outward
current in F. hepatica muscle fibre

The pharmacological profile of these currents was
investigated using a range of externally applied
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K™ -channel blockers. Tetrapentylammonium
(TPA*)at1 mmmarkedly inhibited the outward cur-
rent over the entire range of its activation (Fig. 6A).
In a series of 5 fibres, the peak current evoked at
+ 60 mV was reduced from an average of 864 +48 pA
under control conditions to 203 + 54 pA in the pres-
ence of TPA™ (P<0-005, paired ¢-test), an average
inhibition of some 76 + 6% (Fig. 6D). This blockade
was irreversible, with no recovery of current after
15 min of washout (data not shown). In 3 out of the
5 fibres, the sustained phase of the outward current
was blocked more rapidly than the early current
during wash-in of the drug (Fig. 6B), suggesting that
there may have been more than one channel popu-
lation. A range of other K *-channel antagonists was
screened by comparing the peak outward current
evoked during a 500 ms step to +60 mV under con-
trol conditions with that recorded during an identical
voltage step in the presence of the drug. Penitrem A
(10 um), a selective inhibitor of large conductance
Ca’*-activated KT -channels (Knaus et al. 1994),
reduced the outward current from 6594172 pA to
4834106 pA, an average reduction of 23 +5% (n=7,
P<0-05, paired ¢-test; Fig. 6C and D). Superfusion
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Fig. 5. [K'],-dependence of tail-currents. (A) Muscle fibres were hyperpolarized to —80 mV for 10 ms and then

depolarized to +60 mV for 200 ms to activate outward currents (see diagram of voltage-protocol). Repolarization to
potentials varying between — 120 mV and — 10 mV elicited a family of tail-currents, as outlined by the boxes on the current
records. All 3 sets of records were obtained from the same fibre at different [K*],, as shown. (B) Tail-currents from A at
higher amplification and on a faster time-base. (C) Mean tail-current (measured 6 ms after repolarization) plotted against
membrane potential for 6 fibres exposed to the protocol in A under control conditions ([K*Jo=4 mw, ellipsoid symbols;
symbol size exceeds s.E.M. if no bar is shown) and with [K™], =30 mm (rectangular symbols). Tail-current reversal
potentials are indicated by arrows 1 and 2. (D) Voltage-dependence of the mean time-constants of deactivation (Tgeqc) for
the tail currents under control conditions (filled symbols) and in high [K ], (open symbols). No value has been plotted for
high [K™], at —20 mV as there was inadequate tail current under these conditions to allow accurate curve-fitting.

with standard Hédon-Fleig solution to which 3 mm
BaCl, had been added also reduced the average
peak current at +60 mV from 767+ 234 pA under
control conditions to 156+ 89 pA, a reduction of
84+7% (n=4; P<0-05, paired t-test; Fig. 6D).
No statistically significant effects were seen with
tetraethylammoniuim (TEA™, 30 mm, n=5), 3,4
diaminopyridine (3,4 DAP, 100 um, n=4) or 4
aminopyridine (4-AP, 10 mm, n=8; Fig. 6D).
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Evidence for Ca®>* dependence of outward current

Given that the outward currents recorded from these
muscle fibres were partially blocked by penitrem A,
further experiments were carried out to test the poss-
ible Ca®"-dependence of the current. Verapamil is
a phenylalkamine which inhibits Ca?" channel ac-
tivity. Addition of verapamil inhibited the outward
current during step depolarizations to + 60 mV, but
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Fig. 6. Effects of K* channel blockers on outward current. (A) Superimposed current records from a single fibre for
depolarizations increased in 10 mV steps from —40 mV to +60 mV (see voltage protocol). The currents shown were
recorded in control solutions (upper records) and during superfusion with 1 mm TPA ™ (lower records). (B) Superimposed
records showing the evolution of current blockade for a fibre that was depolarized to + 60 mV every 30 s. The time elapsed
from the start of TPA™ superfusion (1 mMm) is shown. The sustained current was blocked more rapidly than the early
current, leaving a residual transient outward current peak e.g., at 60 s. (C) Superimposed current records from a cell
showing the current evoked during a step to +60 mV under control conditions and after 90 s superfusion with penitrem A
(10 um). (D) Bar charts summarizing the effects of different K™ -channels blockers as assessed using the peak outward
current evoked at +60 mV in the presence of the drug normalized to the control current in the same fibres. The
concentrations and number of experiments summarized for each drug were as follows: TPA™ (1 mm; n=5), TEA™

(30 mM; n=35), Ba’>* (3 mMm; n=4), penitrem A (10 um; n=7), 3,4,DAP (100 um; n=4) and 4AP (10 mwm; n=38). Asterisks
indicate statistically significant changes from paired controls; * P<0-05, ** P<0-001 (paired z-test).

only at relatively high drug concentrations. In the
record shown the sustained current was considerably
more sensitive to blockade than the peak current and
the residual current after blockade was less noisy
than control (Fig. 7A). In 8 fibres tested the sustained
current was maximally inhibited at a drug concen-
tration of 10 uM, but a similar level of inhibition of
the peak current was only seen when the verapamil
concentration was raised to 30 um. Thus, at 10 um the
average reduction in sustained current was 83+7%
(n=8, P<0-0005, paired t-test versus control)
whereas the reduction in peak current was only
524+9% (P<0-02, Wilcoxon signed-rank test versus
percentage reduction in sustained current). Inhi-
bition of peak current increased to 71 +7% at 30 um
(Fig. 7B). A full current-voltage protocol was also
carried out before and during superfusion with 30 um
verapamil. The relatively verapamil-resistant com-
ponent of current was more obvious at the most
positive voltages used (Fig. 7C). In a series of 5 such
experiments, 30 uM verapamil markedly reduced
the peak outward current at all voltages studied but
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the percentage inhibition decreased slightly from an
average of 94+3% at 0 mV to 82+7% at +60 mV
(Fig. 7D) (n=5; P<0-05, Wilcoxon signed-rank
test).

Further experiments were carried out using the
dihydropyridine drug nimodipine, which is an L.-
type Ca?™-channel antagonist. This also produced
a concentration-dependent block of outward current
in which the sustained current was more readily
blocked than the early current, but again this re-
quired high drug levels (Fig. 8). When increas-
ing concentrations of nimodipine were applied to a
series of 7 fibres (Fig. 8A and B), the sustained cur-
rent evoked by a step to +60 mV was inhibited,
on average, by 79+3% at 30 uMm, whereas the peak
current was only reduced by 59+4% (n=7; P<0-02,
Wilcoxon signed-rank test). Full current-voltage
relationships were determined for 5 fibres under
control conditions and in the presence of 30 um
nimodipine (Fig. 8C and D). In the current records
shown, and in 3 of the 4 other experiments carried
out, there was a residual peak of unblocked early
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Fig. 7. Effects of verapamil on outward currents. (A) Superimposed records from a single fibre depolarized to +60 mV
under control conditions and in the presence of increasing concentrations of verapamil. The sustained phase of current
was selectively inhibited at the lower concentrations used. (B) Concentration-effect curve showing the mean ratio of

the current amplitude at each verapamil concentration to the control current amplitude in the same fibre. Results

for the peak and sustained currents are shown and each value represents the mean (£ s.E.M.) for 6-8 fibres.

(C) Superimposed currents recorded from a single fibre during step depolarizations increasing in 10 mV steps from
—40 mV to +60 mV (see voltage protocol). The control currents (upper records) are compared with those recorded from
the same cell during superfusion with 30 uM verapamil (lower records). (D) Summary of 5 experiments using the
protocol in (C) showing mean values for the peak current at each membrane potential under control conditions (closed

symbols) and in the presence of verapamil (open symbols).

current at the most positive potentials tested, but
the difference in percentage inhibition of the peak
current at different membrane potentials was not
statistically significant (Wilcoxon signed-rank test).
A series of 5 experiments were also carried out using
Bay K 8644 (1 um), a dihydropyridine with Ca®*-
channel agonist properties, but this did not produce
statistically significant changes in the peak or sus-
tained outward currents (paired ¢-test; data not
shown).

A small number of fibres were also tested under
conditions in which [Ca?™], had been effectively re-
duced to zero by omitting CaCl, and adding 3 mm
EGTA, a Ca®>"-chelator. These experiments proved
difficult to interpret, however, as the leak current be-
came very high in the presence of EGTA due to loss
of the seal between the electrode and the cell mem-
brane (data not shown). Experiments were carried
out using BAPTA-AM in an attempt to circumvent
these technical problems. This agent is cell-permeant
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and is hydrolysed by intracellular enzymes, releasing
free BAPTA to buffer the cytoplasmic [Ca®™].
Superfusion with 50 um BAPTA-AM inhibited the
outward current at +60 mV (Fig. 9). As was the case
with verapamil and nimodipine, the sustained cur-
rent was more completely blocked than the early peak
current (Fig. 9A). The onset of action was surpris-
ingly rapid, with maximal inhibition being seen
within 30s of drug exposure in several fibres.
On average, 5 min superfusion with BAPTA-AM
reduced the peak current by only 44+16% but
inhibited the sustained current by 92+ 6% (Fig. 9B;
n=>5; P<0-05, Wilcoxon signed-rank test). Overall,
the effects of Ca? " -antagonists and BAPTA-AM are
consistent with the hypothesis that the outward
current has a Ca?*-dependent component, but they
must be interpreted with some caution since the
possibility of direct inhibitory actions on the
K *-channels themselves cannot be ruled out (see
Discussion section below).
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Fig. 8. Effects of nimodipine on outward currents. (A) Current records from a single fibre depolarized to +60 mV
under control conditions and in the presence of increasing concentrations of nimodipine. (B) Concentration-effect
curve showing the mean ratio of the current amplitude at each nimodipine concentration to the control amplitude in

the same fibre. Data for peak and sustained currents are summarized separately and each value represents the mean
(£s.E.M.) for 6-7 fibres. (C) Superimposed currents recorded from a single fibre during a series of depolarizations
increasing in 10 mV steps from —40 mV to 4+ 60 mV (see voltage protocol). The control currents (upper records)
are compared with those recorded from the same fibre during superfusion with 30 um nimodipine (lower records).
(D) Summary of 5 experiments using the protocol in (C) showing mean values for the peak current at each
membrane potential under control conditions (closed symbols) and in the presence of nimodipine (open symbols).

DISCUSSION
Fibre characterization

We have taken some care at the outset of this study
to establish what cell type we were studying in our
digests. This is no trivial matter because, even in an
organ as densely packed with muscle as the ventral
sucker, there is the possibility that neurones and tegu-
mental cells may also be released by the enzymatic
and mechanical disruption procedures. A combi-
nation of functional and structural evidence, based
on the mechanical responses of the fibres to con-
tractile stimuli and the presence of contractile pro-
teins within them, particularly as indicated by
positive staining for myosin, supports the conclusion
that these were muscle fibres (Kumar et al. 2003).
Cell bodies, which are obvious iz situ, were no longer
seen in most isolates, however, and any currents
carried by channels in the membrane of the cell body
will not have been recorded. When incompletely
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digested cell clumps were excluded (see Fig. 1 in
Kumar et al. 2003), only one morphology was ident-
ified, with spindle-shaped fibres of variable length
and diameter. This contrasts with the variety of cell
types identified in similar digests from S. mansoni
(Day et al. 1993, 1995). It is possible that there is
more than one cell type in the sucker itself, however,
and the disruptive nature of the isolation procedure
makes it difficult to identify subpopulations of cells
reliably on morphological grounds alone. It may be,
indeed, that the more rapidly decaying currents seen
in a small percentage of fibres reflects the existence of
a functionally distinct fibre type.

Electrophysiological characterization of the outward
current

The muscle fibres isolated from the ventral sucker
were characterized electrophysiologically in what
is, to our knowledge, the first voltage-clamp-based
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Fig. 9. (A) Two current records from the same fibre
showing the current evoked during a step to +60 mV
under control conditions and after 5 min superfusion
with 50 um BAPTA-AM. (B) Bar chart summarizing
results from 5 experiments showing the effect of
BAPTA-AM on the mean value (+s.E.M.) of the peak
and sustained currents. P values indicate statistically
significant reductions from control (paired #-test).

study in muscle from F'. hepatica and one of only a
handful of similar studies in any flatworm tissues
(Blair et al. 1991; Blair & Anderson, 1993, 1994,
1996; Day et al. 1993, 1995; Kim et al. 2002). The
holding potential of —40 mV is believed to be close
to the resting membrane potential in flatworm mus-
cle (Bricker et al. 1982; Day et al. 1995). When the
calculated Eg was increased by 52 mV, the reversal
potential for this outward current was shifted by
46 mV in the same direction, very strong evidence
that this is a K" -current. In both normal and 30 mm
[K*],, however, the current reversed at potentials
more positive than the calculated Ex. Similar de-
viations have been reported in other studies of K-
currents (Volk, Matsuda & Shibata, 1991). It may be
that [K™] in the pipette solution and cytoplasm
was not equal, leading to an error in the calculation of
Ek. Although the perforated patch technique should
allow free diffusion of cations between cell and pip-
ette (Horn & Marty, 1988), membrane pumps will
play a role in setting [K "], particularly near the cell
membrane. One can see how accumulation of ad-
ditional K™ near the inside of the membrane in high
[K*], conditions could reduce Ex from its calculated
value. Under those circumstances, however, the
difference between measured and calculated values
should have been greater in high [K*],. Another
possibility is that an opposing inward current may
have shifted the reversal potential positively with
regard to Ex, with either a chloride (Large & Wang,
1996) or a non-specific cation conductance (Loirand
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et al. 1991) being possible candidates. A non-specific
cation current has recently been identified in neurons
isolated from F'. hepatica (Kim et al. 2002), while
both K*- and Cl~-channels have been identified in
lipid bilayer experiments using extracts from hom-
ogenized flukes (Jang et al. 2003). Unfortunately, this
technique does not allow the tissue of origin to be
identified.

The voltage-dependence of the outward K-
current in these fibres would seem to place it within
the superfamily of K -currents carried by delayed-
rectifier, A-type and Ca?*-activated KT -channels
(for review, see Edwards & Weston, 1995). There
was no evidence of a rapidly activating, rapidly in-
activating A-type current of the sort clearly present
in schistosome muscle (Day et al. 1995), although
such a current would be largely inactivated at a
holding potential of —40 mV (Thomson, 1977; Day
et al. 1995). The presence of a more rapidly decay-
ing current in a small subpopulation of the fibres
studied, suggests that more than one type of K¥-
channel may be present in Fasciola muscle. This
was investigated further in an attempt to separate
delayed-rectifier and Ca?"-dependent components
of current.

Ca® " -dependence of outward K+ current

Several pieces of evidence suggest that at least some
of the outward K™'-current in these studies was
Ca’* -dependent. Of these, the most robust is the
finding that penitrem A inhibited the current by
23% at +60 mV. Penitrem A is a fungal mycotoxin
which selectively blocks large-conductance Ca?™ -
dependent channels, also known as maxi-K or BK
channels (Knaus et al. 1994; Edwards & Weston,
1995). This drug has not been reported to have any
action on delayed-rectifier currents, so the partial
blockade seen in the presence of penitrem A is strong
evidence that depolarization of F. hepatica muscle
activates BK currents, the residual current presum-
ably being of the delayed-rectifier type. Superfusion
with BAPTA-AM reduced the peak outward current
at + 60 mV by 44 %. Again, this is consistent with the
presence of a Ca’®"-dependent K™ -current, intra-
cellular BAPTA leading to buffering of [Ca?*] and
thus inhibiting K -current activation. Calcium an-
tagonists from two different classes also inhibited the
outward current, further supporting the idea that it
had a Ca’*-dependent component. These results
must be interpreted with some caution, however,
since the Ca?" -blockers were only effective at con-
centrations considerably higher than those that are
normally required to inhibit voltage-activated Ca®™ -
channels in mammals. Both phenylalkamines (Zhang
et al. 1999; Harper et al. 2001) and dihydropyridines
(Zhabyeyev et al. 2000; Hatano et al. 2003) can
inhibit K* -channels directly at these concentrations
and this may explain why blockade with high
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concentrations of Ca®"-channel blockers was more
effective than penitrem A. It should also be noted
that at least one report suggests that BAPTA-AM
can inhibit KT -currents by a mechanism that is in-
dependent of the Ca?*-chelating action of BAPTA
itself (Urbano & Buno, 1998). Indeed, a direct in-
hibitory action, which may not require intracellular
hydroylsis of the acetoxymethyl-ester of BAPTA,
could help explain the rapid onset of action seen
in some of our experiments.

A previous study on isolated muscle fibres from S.
mansoni clearly demonstrated a delayed-rectifier cur-
rent with very similar activation and kinetic charac-
teristics to the conductance described here (Day et al.
1995). That study found no evidence for any Ca’* -
dependent outward current, however, despite the fact
that Ca®?"-sensitive maxi-K channel openings had
previously been shown to predominate in recordings
from inside-out membrane patches from the same
cell type (Blair et al. 1991). The failure of the later
study to demonstrate this current may have resulted
from the use of the whole-cell patch-clamp tech-
nique, in which the membrane beneath the pipette is
ruptured to gain electrical access to the cell. This
allows large molecules to diffuse into the cytoplasm
and, with 10 mMm EGTA in the pipette solution, this
would strongly buffer intracellular [Ca? "], inhibiting
Ca?* -activated currents (Loirand et al. 1991). When
the perforated-patch technique is used, as in the
current study, there is no additional Ca®"-buffering.
As in the experiments on muscle from S. mansoni
(Day et al. 1993), no inward ionic current was re-
corded using our protocols. This does not preclude
the possibility that there was appreciable voltage-
activated Ca®?"-influx, however, as Ca®T-currents are
small at room temperature. Calculations based on
vascular smooth muscle fibres suggest that currents
of less than 1pA may elevate cytoplasmic [Ca®™]
considerably (Nelson et al. 1990), especially in the
subplasmalemmal region adjacent to the ion channels
(Etter et al. 1996). The recent report of a voltage-
activated, inward Ca?"-current in muscle from the
platyhelminth Dugesia tigrina (Cobbett & Day, 2003)
suggests that similar currents may be activated dur-
ing depolarization of F. hepatica muscle but may
be obscured by the larger and outwardly directed
K™ -currents.

K™ -channel pharmacology

The K*-currents in F. hepatica muscle had an un-
usual pharmacological profile and showed little or no
sensitivity to many classical K*-channel blockers.
The limited but statistically significant inhibition by
penitrem-A has already been discussed as evidence
for the activation of Ca®*-sensitive K™ -channels.
Of the other drugs tested, only Ba?* and TPA ™ were
effective. Both agents have also been used as blockers
of Ca? " -activated K *-channels, but their selectivity
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is poor (Hille, 1992). Recordings made during the
wash-in period for TPA™ revealed a relative resist-
ance to blockade for the early phase of current. This
was also evident in the concentration-dependence
of blockade by Ca?"-antagonists and the response
to BAPTA-AM. The resulting current-profiles
resembled those recorded from a subpopulation of
untreated cells, consistent with the notion that the
early and late phases of current represent activation
of different channels.

Given that 1 mM TPA T almost completely blocked
the outward currents it was somewhat surprising that
no block was seen with TEA ™ up to 30 mm. Outward
currents resistant to blockade by TEA™ have also
been reported both in voltage-clamped muscle fibres
from S. mansoni (Day et al. 1995), while the presence
of such currents has been inferred from action
potential recordings in flatworm neurones (Solon
& Koopowitz, 1982; Keenan & Koopowitz, 1984).
These neuronal currents appear to be sensitive
to intracellular TEA™, however, a well-recognized
feature of delayed-rectifier currents (Edwards &
Weston, 1995). The membrane-permeant K-
channel blocker 4-AP reduced the sustained outward
current in schistosome muscle by 50 % when applied
at 10 nm (Day et al. 1995), but there was no signifi-
cant current-inhibition with either 4-AP or 3,4 DAP
in fibres from F. hepatica. Thus, it appears that there
may be pharmacological differences between electro-
physiologically similar currents in these closely
related organisms.

Overall then, when the voltage-dependence and
kinetics of the outward K -currents in this tissue are
considered alongside limited block in the presence of
penitrem A, it seems reasonable to conclude that the
current was predominantly delayed-rectifier in type,
but with an appreciable contribution from large-
conductance Ca?*-sensitive channels. The fact that
this current was completely resistant to TEA ™, 4-AP
and 3,4 DAP at concentrations which inhibit similar
currents in mammalian tissues merits further study,
as understanding the molecular basis of such differ-
ences may well open the way to new therapeutic
strategies.
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