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SUMMARY

Ion channels are important target sites of anthelmintics, but little is known about those in Fasciola hepatica. In this

work, we applied a planar lipid bilayer technique to characterize the properties of single ion channels in F. hepatica. Under

a 200/40 mM KCl gradient, a large conductance channel of 251 pS was observed in 18% of the membranes studied. The

channel was selective to K+ over Clx with a permeability ratio of K+ to Clx (PK/PCl) of 4
.9. Open state probability (Po)

of the channel was less than 0.5 and dependent on voltage (x60y+40 mV) and Ca2+ (y100 mM). The other two types of

single channels observed in 11 and 5% of membranes, respectively, were a K+-permeable channel of 80 pS (PK/PCl=4.6)

and a Clx-permeable channel of 64 pS (PK/PCl=0.058). Open state probability of both channels showed little voltage

dependence. The results indicate that distinct single channels of 60y251 pS are present in relative abundance and, in

addition, that the planar lipid bilayer technique can be a useful tool for the study of single ion channels in F. hepatica.
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INTRODUCTION

Voltage- and ligand-gated ion channels are an

important family of membrane proteins involved in

the neuromuscular physiology of flatworms such as

Schistosoma mansoni and Fasciola hepatica (Pax et al.

1996). Several clinically useful anthelmintic drugs

are known to act on ligand-gated ion channels such

as nicotinic acetylcholine receptor channels, GABA-

gated chloride channels and glutamate-gated chlor-

ide channels (Martin, 1997; Martin, Robertson &

Bjon, 1997). Numerous studies have characterized

the ion channels in S. mansoni, including Ca2+ chan-

nels (Kohn et al. 2001a, b), K+ channels (Blair et al.

1991; Day, Bennett & Pax, 1992; Kim et al. 1995),

non-selective cation channels (Day et al. 1992) and

ryanodine receptor channels (Silva et al. 1998; Day

et al. 2000). In F. hepatica, a major flatworm causing

productivity loss in domestic animals (Loyacano

et al. 2002) as well as fasciolosis in humans (Chen &

Mott, 1990; Mas-Coma, Esteban & Barques, 1999),

a hyperpolarization-activated cation current was re-

cently identified in acutely isolated single cells by

whole-cell patch-clamp technique (Kim et al. 2002).

However, the properties of various ion channels in

F. hepatica remain largely unknown.

Currently, the patch clamp technique is widely

used for the study of ion channels and currents in a

variety of tissues. For the ion channels of flatworms,

it is known that the irregular surface of the worm

limited the efficiency of the patch clamp study (Day

et al. 1992). To access ion channels present in such

an irregular structure, a vesicle preparation from the

tegument of S. mansoni (Robertson,Martin &Kusel,

1997) and whole worm microsomes of Echinococcus

granulosus (Grosman & Reisin, 1995, 1997) have

been used for patch clamp and planar lipid bilayer

recordings, respectively. In this work, we present

the basic properties of 3 types of ion channels in

F. hepatica incorporated into planar lipid bilayers.

MATERIALS AND METHODS

Fasciola hepatica

Metacercariae of F. hepatica were purchased from

BaldwinAquatics (Monmouth, OR,USA).Male rats

(Sprague-Dawley) were inoculated with metacer-

caria (5–20/rat). After 12 weeks (Sukhdeo, Sukhdeo

& Mattrick, 1988), mature F. hepatica were re-

covered from the bile duct of infected rats, stored

at x70 xC in saline, and used for preparing vesicles.

Vesicle preparations

Vesicles of F. hepatica were made by a modified

method of Guo et al. (1987). Approximately 15–20 g

of F. hepatica were suspended in 3 volumes of
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sucrose buffer. The sucrose buffer contained 0.3 M

sucrose, 10 mM HEPES, 0.2 mM EDTA, and 3 mM

NaN3, and the pH was adjusted to 7.4 with 2 M

NaOH. The worms were minced with surgical scis-

sors and centrifuged at 100 g for 5 min. The result-

ing pellets were resuspended in 0.3 M sucrose buffer

containing protease inhibitors, phenylmethylsulf-

onylfluoride (0.3 mM) and leupeptin (0.5 mg/ml),

and then homogenized with a polytron homogenizer

(Brinkmann Instrument Inc, Switzerland). The

homogenate was centrifuged at 1500 g for 15 min

and the supernatant was centrifuged at 10 000 g for

15 min. Granules of KCl were added to the resulting

supernatant to 0.6 M and allowed to stand on ice for

30 min. The microsomes were pelleted at 100000 g

(SW41TI rotor, optima XL-100K ultracentrifuge,

Beckman, USA) for 1 h. The resulting pellets were

dissolved using a syringe needle (26 gauge) and re-

suspended in 0.3 M sucrose buffer in a final volume

of 4–5 ml. This suspension was layered over a dis-

continuous step-gradient of sucrose (20, 30 and

40%). The samples were centrifuged at 130000 g

(SW41TI rotor) for 3 h, and themicrosomal fractions

banding at the 10/20%, 20/30% and 30/40% inter-

faces were separately collected with a Pasteur pip-

ette. Each fraction was diluted with a double amount

of distilled water and centrifuged at 100000 g for

1 h. All steps were carried out either on ice or at 2 xC

to minimize protein degradation. The resulting pel-

lets were divided into small aliquots (20–30 ml) and
stored at x70 xC until use.

Planar lipid bilayers and vesicle fusion

PE (1-palmitoyl-2-oleoyl-sn-Glycero-3-phospho-

ethanolamine), PC (1-palmitoyl-2-oleoyl-sn-

Glycero-3-phosphocholine), and PS (1-palmitoyl-2-

oleoyl-sn-Glycero-3-phosphoserine)werepurchased

from Avanti Polar Lipids (Alabaster, AL, USA).

Lipid stock solutions were kept in chloroform and

stored at x70 xC. Lipid working solution was pre-

pared daily at 25 mg/ml in decane (PE :PC :PS=
70 : 20 : 10)unlessotherwisedescribed.Therecording

chamber is composed of 2 compartments: a poly-

styrene cup (trans compartment) and a rectangular

chamber (cis compartment). The trans and cis com-

partments were filled with 0.6 and 1.2 ml aqueous

solutions containing 40 mM KCl, 10 mM N-[2-hy-

droxyethyl]-piperazine-Nk-[2-ethanesulfonic acid]

(HEPES) and pH 7.4 which was adjusted with 1 M

N-methyl D-glucamine (NMDG). A planar bilayer

was formed between the 2 compartments by painting

the lipid solution with a thin glass rod over an

aperture (diameter, 200 mm) of the polystyrene cup.

Formation of the bilayer was visualized on an os-

cilloscope screen as an increase of membrane capaci-

tance, while applying a triangular voltage wave under

voltage clamp. When the capacitance of the mem-

branes increased to 100–200 pF, the concentration

of KCl and CaCl2 was adjusted to 200 mM and 30–

100 mM, respectively, by adding the appropriate

amount of stock solutions (3 M KCl and 100 mM

CaCl2) to the cis compartment. Then, a small

amount (1–5 ml) of microsomes was added to the cis

compartment and the cis compartment suspension

was continuously stirred with a small magnetic

stirring bar (1r3 mm) until fusion was detected.

Electrical measurements and data analysis

Currents were measured at constant voltage with

a bilayer amplifier (BC525A, Warner Instr. Co.,

Hamden CT, USA). The current signal was defined

as positive when it flowed from cis to trans. The junc-

tion potential between chamber and headstage of

the amplifier was adjusted before the bilayers were

formed. Electrical contacts were made through 2

Ag/AgCl electrodes. The sides of each electrode

contacted were for voltage command and current

measurement. The other sides of each electrode were

suspended in 2 wells, filled with 0.5 M KCl. The

2 wells and cis/trans compartments were connected

by an agar bridge. This agar bridge was a U-shaped

microelectrode filled with boiled agar solution (3%)

containing 0.2 M KCl, 1 mM EGTA. Single channel

current data were filtered at 500 Hz by an 8-pole

Fig. 1. Single channel currents of the large conductance

K+-permeable channel from Fasciola hepatica.

(A) Current traces recorded under 200/40 (cis/trans) mM

KCl gradient. Numbers at the left of each trace indicate

transmembrane voltage and ‘c’s at the right indicate

closed states. (B and C) Current–voltage relations

(B) and voltage dependence of open state probability

(C) of the channel shown in (A). Slope

conductance=239 pS.
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Bessel filter and digitized on a PC at 2 kHz using a

Digidata 1200 data acquisition unit (Axon Instr.

Co., Foster City, CA, USA). The analog data were

also stored on VTR tapes using a VR-10B digital

data recorder (Instrutech. Corp., New York, NY,

USA) and recorded on a pen recorder. Parameters

analysed were current amplitude, open state prob-

ability andmean dwell times. These parameters were

measured by using the software for analysis of single

channel current, pClamp (Ver 6.0, Axon Instr. Co.,

Foster City, CA, USA). The relative permeability of

Clx to that of K+ was calculated from the measured

reversal potentials according to the following Gold-

man–Hodgkin–Katz Equation (Labarca & Latorre,

1992) :

Vrev=RT=zF* ln{(PK*[K]trans+PCl*[Cl]cis)=

(PK*[K]cis+PCl*[Cl]trans)}

where Vrev, PK, PCl, [K]trans and [Cl]cis stand for

measured reversal potential, permeability of K+ and

Clx ions, and concentrations of transK+ and cisClx

ions, respectively. R, T, F and z are the gas constant,

absolute temperature, Faraday constant and ionic

valence, respectively.

Experimental data were expressed asmean¡S.E.M.

(standard error of mean) and the number of mem-

branes tested and analysed was represented by ‘n ’.

The statistical significance of data was determined

using independent Student’s t-test for the compari-

son of two means and a level of P<0.05 was con-

sidered to be significant.
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Fig. 2. Dwell time distribution of a large conductance K+-permeable channel and its voltage dependence. (A and B)

Open- (A) and closed- (B) dwell times were fitted with 1 and 2 exponentials, respectively. to, mean open time; tc,long and
tc,short, mean closed times of short and long durations, respectively. Mean open time was 4.17 ms (event number=131)

and mean closed times were 107 and 892 ms (event number=228), respectively. (C and D) Relations between voltage

and mean dwell times of open (C) and closed (D) states. Single channel current was recorded under symmetrical

200 mM KCl. Filtered at 200 Hz and digitized at 2 kHz.

Fig. 3. Single channel current of a large conductance

K+-permeable channel recorded at 30 (A) and 100 mM
Ca2+ (B). Po, measured from the current record of 74 and

57 s, increased from 0.14 to 0.3 in response to elevation

of Ca2+ concentration in the cis compartment. The current

was recorded at +20 mV and symmetrical 200 mM KCl

from a planar lipid bilayer (PE : PC=80 : 20).
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RESULTS

Based on the amplitude and the direction of current

flow at 0 mV and 200/40 (cis/trans) mM KCl gradi-

ent, we identified 3 types of ion channels of F.

hepatica incorporated into the planar lipid bilayer.

They were a large and a small K+-permeable chan-

nel, and aClx-permeable channel.Among the total of

188 bilayers that showed single channel activity, the

largeK+-permeable channel (250.5¡5.9 pS,mean¡

S.E.M.; range, 194–309 pS; n=33) was most fre-

quently recorded (17.5%). The small K+-permeable

(79.6¡4.4 pS; range, 55–112 pS; n=21) and the

Clx-permeable (63.9¡5.9 pS; range, 42–97 pS;

n=10) channels were recorded from 11.2 and 5.3%

of the bilayers, respectively. The rest of the bi-

layers showed currents of multi-channels or leakage

(35.7%), and these were not further analysed. Most

ion channels presented in this work were obtained

from the microsomes banded in the 20/30% sucrose

interface.

Large conductance K+-permeable channel

Fig. 1 illustrates the single channel property of a

large conductance K+-permeable channel from F.

hepatica. Representative single channel traces show

a discrete gating activity ofy5 pA under a condition

of 0 mV, 200/40 (cis/trans) mM KCl gradient and

100 mM [Ca]cis (Fig. 1A). The current-voltage re-

lations were linear (Fig. 1B) and the mean slope con-

ductance of 5 channels was 227¡38 pS. The reversal

potential was x22.6+1.9 mV (n=5) and the ratio

of permeability of K+ to that of Clx (PK/PCl) was

4.86¡0.75. In a typical channel, open state prob-

ability (Po) of the channel was higher when the cis

side was positive and lower when it was negative

(Fig. 1C), but overall Po remained less than 0.5 over

the voltage range of x60 to +20 mV. Dwell times

of open and closed states were fitted with 1 and 2

exponentials and their mean times were 4.2 ms (to)
for open states, and 107 (tc,short) and 892 ms (tc,long)
for closed states. When the voltage was increased

towards positive, to increased, but tc,long decreased

(Fig. 2C and D). Po of the channel increased with

increasing Ca2+ in the cis compartment from 30 to

100 mM (Fig. 3).

Small conductance K+-permeable channel

Fig. 4 illustrates the single channel property of a

typical small conductance K+-permeable channel.

The current traces shown in Fig. 4A illustrate that

open dwell times were better resolved than those

of large conductance K+-permeable channels. Its

current–voltage relations were linear with slope

conductance of 79.6¡4.4 pS (n=21) under the un-

symmetrical 200/40 (trans/cis) mM. The reversal po-

tential was x23.4¡1.3 mV (n=4) and the resulting

PK/PCl was 4.6¡0.5 (Fig. 4B). The conductance of

the small K+-permeable channel was significantly

smaller than that of the large K+-permeable chan-

nels (P<0.0005), but the reversal potentials of both

channels were not significantly different (P>0.25),

indicating that both are selective for K+ over Clx.

Po did not show remarkable voltage dependence and

remained at about 0.5 over the voltage range of

x20–+30 mV. The overall increase in Po was 0.028/

10 mV over the voltage range of x20 to 30 mV (Fig.

4C). Dwell time histograms of the currents of the

same channel indicated that mean open times were

well described by 1 exponential (to=31.3 ms), but

that mean closed times were fitted with 2 expo-

nentials : tc,short=8.0 (86%), tc,long=63.3 (13%) ms

(Fig. 5A and B). In contrast to Po, the mean times of

both open and closed states, decreased with the in-

crease of membrane voltage (Fig. 5C and D). In this

channel, the frequency of channel openings was 5.1,

6.9, 6.4, 9.8, and 13.5 Hz at x20, x10, 10, 20, and

30 mV, respectively, suggesting a voltage-dependent

increase in gating activity with little change in Po.

Clx-permeable channel

The currents of the Clx-permeable channels were

readily distinguished from those of the K+-per-

meable channels by the downward shift at open
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Fig. 4. Single channel activity of a small conductance

K+-permeable channel. (A) Representative current

traces recorded at various voltages. (B) Current–voltage

relations of the small conductance K+-permeable channel

shown in (A) under unsymmetrical (200/40 mM) and

symmetrical (200/200 mM) KCl gradients. Respective

slope conductances were 112 and 177 pS. (C) Open state

probability at various membrane potentials.
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states. The representative traces of a Clx-permeable

channel show long open dwell times typical to this

type of channel (Fig. 6A). The current-voltage re-

lation of the Clx-permeable channel current was

linear and the mean slope conductance from 6 chan-

nels was 52.3¡8.0 pS (Fig. 6B). The mean reversal

potential in unsymmetrical conditions was 35.8¡

3.5 mV and the resulting PK/PCl was 0.058¡0.03. Po

of the channel remained close to unity and showed

little voltage dependence over the voltage range

tested (Fig. 6C). Analysis of dwell time histograms

of single-channel recording atx30 mV revealed that

mean open times were described by one exponential

(to=201 ms), but that mean closed times were de-

scribed by 2 exponentials (tc,short=1.6 ms, tc,long=
13.7 ms; Fig. 7A and B). Although the apparent Po

showed negligible voltage dependence (Fig. 6C), to
increased when the voltage increased towards posi-

tive, but tc,long decreased, indicating the voltage de-

pendence in the gating of the Clx-permeable

channel (Fig. 7C and D).

DISCUSSION

In this study, we characterized 3 types of single ion

channels from F. hepatica incorporated into planar

lipid bilayers: a large and a small conductance K+-

permeable channel, and a Clx-permeable channel.

The 2 K+-permeable channels were similar in ion

selectivity (PK/PCl, 4
.9 vs 4.6, P>0.25), but differ-

ent in their conductance (251 vs 80 pS, P<0.0005)

Fig. 5. Dwell time distribution of a small conductance K+-permeable channel and its voltage dependence.

(A and B) Open- (A) and closed- (B) dwell times were fitted with 1 and double exponentials, respectively.

to, mean open time; tc,long and tc,short, mean closed times of short and long durations. Mean open time was 31.3 ms

(event number=1451) and mean closed times were 8.0 and 63.3 ms (event number=1355). (C and D) Mean dwell

times of open (C) and closed (D) states were measured at +20 mV and symmetrical conditions.

Fig. 6. Single channel currents of the Clx-permeable

channel from Fasciola hepatica. (A) Representative traces

of a Clx-permeable channel under 200/40 mM KCl

gradient. (B) Averaged current–voltage relations of the

Clx-permeable channels at various membrane potentials.

(C) Open state probability of the Clx-permeable channel

shown in (A).
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and voltage-dependence of Po and to. The activity

of the large-conductance K+-permeable channel was

increased by Ca2+ in the cis compartment. The Clx-

permeable channel was readily distinguished from

the K+-permeable channels because of its high anion

selectivity (PK/PCl, 0
.058), large to (>175 ms) and

high Po (y1). The results will broaden our limited

understanding on the ion channels present in

F. hepatica.

The first type of ion channel of F. hepatica, the

large conductance K+-permeable channel, was rec-

ognized by its large conductance, 251 pS at 200/

40 mM KCl gradient. Such large conductance was

also observed in non-selective cation channels in the

tegument of S. mansoni (Day et al. 1992; Robertson

et al. 1997), Ca2+-activated K+ channels in the iso-

lated muscle cells of S. mansoni (Blair et al. 1991)

and Ca2+-dependent cation channel in Echinococcus

(E.) granulosus (Grosman & Reisin, 1995). The con-

ductances of these channels ranges between 195 and

360 pS at 144–200 mM symmetrical or unsymmetri-

cal K gradients. Currently it is not certain whether

the large conductance K+-permeable channels of F.

hepatica can pass cations other thanK+, but the other

single channel properties of the large conductance

K+-permeable channels of F. hepatica are different

from those of large conductance channels reported

in S. mansoni and E. granulosus. For example, the

large conductance non-selective cation channel in S.

mansoni (Day et al. 1992; Robertson et al. 1997) has

high Po and long open dwell times (ymin), while the

channel in F. hepatica has lower Po and shorter open

dwell times (ys). In addition, the subconductance

state (y100 pS) present in the channel of S. mansoni

was not observed from the channel of F. hepatica.

The large conductance channel in F. hepatica is par-

tially similar to the channel inE. granulosus (Grosman

&Reisin, 1995); both channels are activated by Ca2+,

but the activity of the former was voltage-dependent,

whereas that of the latter was not.

When compared with the Ca2+-dependent K+

channel of S. mansoni (Blair et al. 1991), the large

conductance channels in F. hepatica and S. mansoni

are similar in their large conductance, Ca2+-depen-

dence and high selectivity to K+ over Clx. There-

fore, it is likely that the large conductance K+-

permeable channel in F. hepatica is a member of the

large-conductance Ca2+-activatedK+ or ‘BK’ chan-

nel found in various animal species (Latorre et al.

1989). However, other critical properties such as

the sensitivity to Ca2+ and ion selectivity to various

cations should be further determined for the large

conductanceCa2+-activatedK+-permeable channels

of F. hepatica.

The second type of single channel identified in F.

hepatica, a small conductanceK+-permeable channel

of 80 pS, is comparable to the non-selective cation

channel recorded from the outer tegmental mem-

brane of adult female S. mansoni in terms of its

substate conductance (y100 pS) and selectivity to

Fig. 7. Dwell time distribution of a Clx-permeable channel and its voltage dependence. (A and B) Histograms of

open- (A) and closed- (B) states atx30 mV. Dwell times of opening and closing were fitted with 1 (to) and 2 exponentials

(tc,long and tc,short), respectively, by the maximum likelihood fitting method. (C and D) Mean open- (C) and

closed- (D) dwell times at various voltages.
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cations (Day et al. 1992; Robertson et al. 1997).

However, the channels of S. mansoni and F. hepatica

are different in other aspects. The channel in F.

hepatica showed discrete gating activity at various

voltages with negligible voltage dependence in Po,

whereas the channel in S. mansoni showed little

gating activity at a steady potential with higher Po

at negative potential (Day et al. 1992). Therefore, it

is unlikely that the two types of single channel rep-

resent the same type of ion channels in these flat-

worms. The third type of single channel identified

from F. hepatica is the Clx-permeable channel of

63.9¡5.9 pS. From their larger conductance, it is

apparent that the Clx-permeable channels of this

study are different from the Clx channel of 20 pS

recorded from the tegumental membrane of adult

male S. mansoni (Robertson et al. 1997).

In this work, we identified 3 types of single chan-

nels from F. hepatica using the planar lipid bilayer

technique. The single channel properties of these

channels and the recording method used can further

help to understand the physiological and pharma-

cological significances of ion channels in F. hepatica.

This work was supported by a grant from the Korea Sci-
ence and Engineering Foundation (2000-2-21400-002-2)
to P.D.R.
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