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This report describes for the first time a novel an-
ionic background current (IAB) identified in guinea-pig
isolated ventricular myocytes. It also shows that IAB

has both novel and differential pharmacology from
other (cardiac) chloride currents. Using the whole-cell
patch-clamp technique and external anion substitu-
tion, IAB was found to be outwardly rectifying and
highly permeable to NO3

�, with a relative permeability
sequence of NO3

� > I� > Cl�. IAB was not blocked by 50
�M DIDS, by hypertonic external solution, or by the
nonselective protein kinase inhibitor H7-DHC. Expo-
sure to the pyrethroid agent tefluthrin (10 �M) in-
creased the current density of IAB significantly at pos-
itive voltages (P < 0.05), but had no significant effect
on other cardiac chloride currents. We conclude that
IAB possesses a distinct pharmacology and does not fall
into the three major classes of cardiac chloride con-
ductance commonly reported. © 2002 Elsevier Science (USA)

Key Words: cardiac chloride channels; anionic back-
ground current; guinea-pig ventricular myocytes;
tefluthrin.

Several different types of chloride (Cl�) currents
have been identified in mammalian atrial and ventric-
ular cardiac myocytes using patch-clamp techniques
and have been implicated in both cardiac physiology
and pathophysiology [see reviews (1–4)]. Under nor-
mal physiological conditions the reversal potential for

Abbreviations used: AP, action potential; APD, action potential
duration; DIDS, diisothiocyanostilbene-2,2�-disulfonic acid; DMSO,
dimethyl sulfoxide; ECl, reversal potential for chloride; FSK, forsko-
lin; GLB, glibenclamide; IAB, anionic background current; ICl,Ca, cal-
cium activated chloride current; ICl,cAMP, cyclic AMP-activated chlo-
ride current; ICl,swell, swelling-activated chloride current; KB, Kraft–
Brühe.
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brane potential (approximately �80 mV) by about 30
mV, with intracellular chloride activity in cardiac cells
higher than that expected from passive distribution of
chloride (i.e., above Nernstian equilibrium). Thus, at
membrane potentials negative to ECl, opening of Cl�

channels evokes an inward current due to the efflux of
cytosolic Cl� from the cell. Chloride influx through
channels during the plateau phase of the cardiac action
potential (AP) could contribute to the overall outward
current, contributing to phase-3 repolarization. There-
fore, activation of Cl� currents may affect action poten-
tial duration (APD), and in disease states could con-
tribute to pathological changes in cardiac cell function;
it is this feature of cardiac Cl� channels that makes
their blockade a potential approach for therapy of car-
diac arrhythmia (5).

To date, more than four different classes of cardiac
chloride currents have been identified [see (6)]. The
three most commonly researched cardiac Cl� currents
include (i) a cAMP- dependent Cl� current (ICl,cAMP) that
is regulated synergistically by the protein kinases A
and C (7–10). This current is carried through an alter-
natively spliced form of epithelial cystic fibrosis trans-
membrane conductance regulator (CFTR) (6); (ii) a
stretch- or swelling activated Cl� current (ICl,swell) (11–
13); and (iii) a calcium-activated Cl� current (ICl,Ca)
(14–16). Recently, an anionic background conductance
was recorded from rat isolated ventricular myocytes
(17). Enhancement of this conductance—termed IAB—
through anion substitution had a profound effect on
APD (17). Further studies revealed that IAB could be
carried by other halides and anions in addition to Cl�

itself, and that its activation was independent of
changes in intracellular Ca2�, cyclic AMP and cell-
swelling (17). However, the more general significance
of this current to cardiac physiology was doubtful be-
cause the rat ventricular action potential is brief and
lacks the high plateau phase present in other species
including that of the human. It therefore seemed es-
sential to establish (i) the more general physiological
Cl� ions (E ) is more positive than the resting mem-



relevance of this current (through the use of a species
with a ventricular AP closer in profile to that of the
human) and (ii) to verify that IAB is pharmacologically
distinct from other cardiac chloride conductances. We
therefore (i) searched for IAB in myocytes isolated from
guinea pig hearts and (ii) identified a member of the
pyrethroid class of insecticides [reported to affect
ligand-gated, swelling and voltage-activated chloride
currents (18–21)] which modulated IAB selectively over
other cardiac chloride conductances.

METHODS

Isolated Guinea-Pig Myocytes

All experiments were performed on ventricular myocytes isolated
from the hearts of 400- to 500-g male guinea-pigs cervically dislo-
cated using a Home Office approved procedure (Schedule 1). A tho-
racotomy was performed, and hearts were rapidly excised. The aorta
was immediately cannulated, and hearts were perfused in a retro-
grade fashion at 37°C. Myocytes were then isolated using an enzy-
matic (using collagenase and protease) and mechanical dispersion
procedure described previously (22). Following isolation, the guinea-
pig myocytes were stored at 4°C, in a high K�, Ca2�-free Kraft–Brühe
(KB) solution; cells were used within 8 h of isolation.

Guinea-Pig Myocyte Electrophysiology
Solutions used. Myocytes used in whole-cell voltage-clamp exper-

iments were superfused (20–25°C) with a standard Hepes-buffered
Tyrode’s solution (see Table 1; solution A) until the whole-cell re-
cording configuration had been obtained. For isolation of IAB, sodium
free Tyrode’s solution was used in which NaCl was replaced by
N-methyl-D-glucamine-Cl (NMDG; solution B). In ionic substitution
experiments, the NMDG-Cl in solution B was replaced by NMDG-
aspartate (solution C), -I (solution D), or -NO3 (solution E). Tefluth-
rin (10 �M) was added to the sodium-free containing solutions from
50 mM stock solutions made in dimethyl sulfoxide (DMSO). For
swelling activated chloride currents (ICl,swell) an isosmotic solution
(solution F) was used. The standard hyposmotic external solution
(solution G) was prepared by simply omitting 140 mM sucrose from
solution F. For cAMP-activated Cl� current recordings (ICl,cAMP), cells
were superfused with a K�-free solution (solution H) after achieving
the whole-cell configuration. To activate ICl,cAMP, forskolin (FSK; 1
�M) was added to solution H. A Cs-based intracellular solution
(solution I) was used in anionic background current substitution
experiments and in swelling-activated chloride current recordings. A
different intracellular Cs-based solution (solution J) was used in
cAMP-activated Cl� current recordings. Solutions I and J were so-
dium free to prevent contamination of chloride currents by the
sodium-calcium exchanger current. A limited set of ionic substitution
experiments were carried out using hypertonic solutions C and E
(hypertonicity was increased by adding 63 mM sucrose) and a mod-
ified intracellular Cs-based solution (solution K) with 1 mM Cs
EGTA, zero Mg-ATP, Tris-GTP, and Tris-phosphocreatine free, and
6 �M H7-dihydrochloride (a PKA and PKC inhibitor). Nifedipine (2
�M; solutions F and G, a Ca2� channel blocker), diisothiocyano-
stilbene-2,2�-disulfonic acid [(DIDS) 50 �M; solution G] and forskolin
[(FSK) 1 �M; solution H] were added to the external solutions from
50 mM stock solutions in dimethyl sulfoxide (DMSO) while gliben-
clamide [(GLB) 100 �M] was added to solution H from a 200 mM
stock solution in DMSO. Oubain (20 �M; a Na�-K� pump inhibitor)
was added directly to solutions F and G on the day of experimenta-
tion. DIDS-, nifedipine-, and oubain-containing solutions were pro-
tected from light throughout. Specialist chemicals were purchased

from Sigma Chemical Co. (Poole, UK). The respective osmolarities
[measured with a vapor pressure osmometer (Vapro 5520, Wescor
Inc., U.S.A.)] of all solutions used are given in Table 1.

Electrophysiological Recording

In electrophysiological experiments, junction potential changes
were minimized by immersing the reference Ag/AgCl electrode in 3
M KCl solution with a continuous agar bridge (4% agar in 3 M KCl).
Borosilicate glass pipettes (Harvard Apparatus, UK) were pulled
using a vertical two-step Narishige PP-830 microelectrode puller
(Narishige, Japan) and had a tip resistance of 2.5 to 5 M� when filled
with the various pipette solutions. During anionic substitution ex-
periments, IAB was elicited from voltage-clamped myocytes (super-
fused with solutions B, C, D and E in the whole cell configuration) by
depolarizing ramps from �90 to �70 mV from a holding potential of
�50 mV (ramp rate of 0.32 Vs�1). When determining the relative
permeability of IAB, myocytes were subjected to square voltage-clamp
steps of 500 ms duration from �80 to �80 mV, at 20-mV increments
from a holding potential of �80 mV at 0.33 Hz. ICl,swell was activated
by inflating cells to increase their visible area by applying solution G.
After 5 min cell inflation, ICl,swell reached a steady-state level of
activation. Criteria for inclusion in analysis were that cell size and
current amplitude remained relatively constant in the absence of
drugs. ICl,cAMP was activated by 1 �M FSK in solution H and reached
a steady-state after 4 min. The current–voltage (I–V) relationships
for ICl,swell and ICl,cAMP were measured using slow hyperpolarizing
voltage ramps from �40 mV to �60 mV (�0.016 Vs�1). A 2-s step to
the most positive end of the ramp from the holding potential of �50
mV preceded the ramp. A holding potential of �50 mV was used to
inactivate the Na� current and T-type Ca2� current.

Membrane currents and potentials were acquired using an Axo-
patch 200A amplifier, and were recorded on digital audio tape (Sony
DTC 1000) and subsequently digitized, signal-averaged over ten
stimulations and filtered at frequencies appropriate to the Nyquist
criterion using pClamp v. 6.0 software (Axon Instruments, Foster
City, CA). Exponential curve fits were calculated using the Cheby-
shev technique as implemented in the Clampfit program (also Axon
Instruments, Foster City, CA). Hyperpolarizing voltage steps of �20
mV and 5 ms duration were applied at 20 Hz to record the capaci-
tance transients required for direct integration and the calculation of
cell capacitance. A paired Student’s t test was used to calculate the
statistical significance between the control and drug periods for: 1)
the exponential NO3

� sensitive current fits (Fig. 1d); and (ii) mean
difference current amplitude of IAB at �60 mV (Fig. 3). The Student’s
t test was also used to calculate significance between the basal
current prior to activation of ICl,cAMP and after removal of 1 �M FSK
from solution H [Fig. 2f (a and d)]. Significance refers to the 95% level
of confidence (P � 0.05). All data for statistical analysis were ana-
lyzed using Microsoft Excel.

RESULTS

Voltage-clamp experiments were performed under
conditions that only allowed anion movement using
solutions B, C, D, and E (Table 1), while solution I was
used as the intracellular solution (see Fig. 1a for data
with a ramp protocol and NO3

� as the permeant ion). IAB

was found to be present in every myocyte tested (n �
42). Five-hundred-millisecond voltage steps were ap-
plied in the presence of extracellular chloride (152 mM,
solution B), nitrate (135 mM, solution E) and iodide
(135 mM, solution D) and currents compared to those
in the presence of aspartate. Data from individual
cells were normalized to membrane capacitance and
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current–voltage (I–V) curves were plotted (Fig. 1b).
The experimentally derived value for the reversal po-
tential (Erev) for chloride (152 mM) was �36.38 � 0.8
mV (n � 5, mean � standard error of the mean;
throughout); with the corresponding theoretical rever-
sal potential being �52 mV. This result is similar to
the observed Erev for chloride (152 mM) in rat ventric-
ular myocytes under similar recording conditions (17).
Specifically, the outward anion-sensitive current den-
sity was greater in the presence of I� and NO3

� than
Cl�. Thus, although the Erev for IAB with 152 mM ex-
tracellular Cl� deviated from the theoretical value, the
biophysical characteristics of the channels carrying IAB

deviated from ideality for an entirely Cl� selective cur-
rent. This is not unexpected, in view of the acute sen-
sitivity of the current to other extracellular anions. To
estimate the relative permeabilities to different an-
ions, the anion-dependent shifts in Erev were inserted
into Eq. [1], the modified Goldman–Hodgkin–Katz
equation (23), where R is the universal gas constant
(8.315 J � mol�1 � K�1), T is the absolute temperature,

z is the valence, F is the Faraday constant (9.648 � 104

coulombs/mol), Px is the absolute permeability of the
replacement anion, PCl is the permeability of chloride,
[X�]0 is the extracellular concentration of the replace-
ment anion, and [Cl�]0 is the extracellular chloride
concentration.

	Erev �
RT
zF � Ln

Px
X ��0

PCl
Cl��0
[1]

The relative permeability of IAB to NO3
� was 2.05 � 0.19

(Erev � 51.7 � 0.89, n � 4) and for iodide was 1.57 �
0.17 (Erev �42.22 � 2.77, n � 4). This resulted in the
following permeability sequence: NO3

� � I� � Cl�.
These results correlate well with the relative perme-
abilities reported for the analogous current in rat ven-
tricular myocytes (17).

Figure 1c shows difference currents calculated by
subtracting the current recorded during negative-
going ramps in the presence of aspartate� (solution C)

TABLE 1

Solutions Used during Whole-Cell Electrophysiology

Solution

A1 B6 C6 D6 E6 F1 G1 H1 I6 J6 K6

(mOsm)

Osmolarity 310 � 5 310 � 5 309 � 5 308 � 5 312 � 5 297 � 5
(mM)

145 � 5 300 � 5 310 � 5 292 � 5 310 � 5

NaCl 145 � � � � 70 70 150 � � �
KCl 4 � � � � � � � � � �
MgCl2 1 2.5 2.5 2.5 2.5 2 2 0.5 0.5 0.5 0.5
CaCl2 2 � � � � � � 1 � � �
D-Glucose 10 10 10 10 10 � � � � 5.5 �
1Hepes 10 � � � � 2 2 10 � � �
2N-Methyl D-glucamine Cl � 135 � � � � � � � � �
3N-Methyl D-glucamine Aspartate � � 135 � � � � � � � �
4N-Methyl D-glucamine I � � � 135 � � � � � � �
5N-Methyl D-glucamine NO3 � � � � 135 � � � � � �
TEACl � 5 5 5 5 � � � � 20 �
BaCl2 � 2 2 2 2 2 2 � � � �
CdCl2 � 0.5 0.5 0.5 0.5 � � � � � �
6Hepes � 5 5 5 5 � � � � 10 �
Cs glutamate � � � � � � � � 75 � 89
CsCl � � � � � � � � 20 � 20
Cs EGTA � � � � � � � � 0.05 10 1
MgATP (tris salt) � � � � � � � � 10 10 �
Tris-phosphocreatine � � � � � � � � 5 5 �
Tris-GTP � � � � � � � � 0.1 0.1 �
Pyruvic acid � � � � � � � � 5 � 5
7Pipes � � � � � � � � 30 � 30
H7-DHC � � � � � � � � � � 0.006
Aspartic acid � � � � � � � � � 85 �
Sucrose � � � � � 140 � � � � �

Total extracellular chloride [Cl�]o 155 150 15 15 15 78 78 153 � � �
Total intracellular chloride [Cl�]i � � � � � � � � 21 21 21

Note. pH 7.4 using 1NaOH, 2HCl, 3L-aspartic acid, 4HI, 5HNO3, 6CsOH; 7pH 7.1 with CsCO3. Minus sign indicates absence.
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from currents generated with NO3
� as the charge car-

rier (solution E). Unlike other cardiac Cl� currents (24)
IAB was found not to be blocked by 50 �M DIDS [Fig. 1c;
a concentration known to have marked inhibitory ef-
fects on ICl,swell (4)]. Similar results were observed in five
cells, and our results with DIDS agreed with similar
findings for IAB from rat ventricular myocytes (17). The

current density induced by depolarizing ramp protocols
using external NO3

� as the charge carrier (solution E)
at �60 mV was 0.84 � 0.07 pA/pF (n � 9) (see Fig. 1a
for a representative current trace) indicating that
the magnitude of IAB was small when compared to
the swelling- and cAMP-activated Cl� conductances
present in these cells (23).

FIG. 1. (a) Representative anion-sensitive whole-cell currents (Im, normalized to membrane capacitance) evoked by 500-ms depolarizing
ramps from �90 to � 70 mV from a holding potential of �50 mV (see inset) during superfusion with solution C (NMDG-aspartate), and
solution E (NMDG-NO3). (b) Mean normalized I-V data obtained in zero sodium Tyrode’s solution D containing 135 mM [I�]e (Œ, n � 4) and
solution E containing 135 mM [NO3

�]e (■ , n � 4) and solution B containing 152 mM [Cl�]e (}, n � 5). Arrows indicate reversal potentials for
the currents. The outward current density was greater in the presence of I� and NO3

� than Cl�. (c) Nitrate-sensitive difference currents (Im)
calculated by subtracting the current recorded during depolarizing ramps in the presence of the relatively impermeant anion, aspartate from
those in the presence of nitrate. The current recorded in 135 mM aspartate was subtracted from the current observed in 135 mM NO3

� and
after 5 min superfusion with 50 �M DIDS in 135 mM NO3

�. The vertical arrow indicates the reversal potential for the currents. (d) Plot of
the mean IAB-V relations determined from the current density (at 10-mV intervals between �60 and �60 mV) of the NO3

� sensitive current
fits (exponential fits were calculated using equation 2, see Results) during the depolarizing ramp protocol obtained in (a) 135 mM [NO3

�]e (},
n � 9, solution E); (b) 10 min superfusion with 10 �M tefluthrin (�, n � 5, solution E) in 135 mM [NO3

�]e; and (c) 10 min of superfusion with
10 �M tefluthrin (�, n � 6, solution C) in 135 mM [aspartate]e. Solution I (a Cs-based intracellular solution) was used as the intracellular
solution in all experiments shown in Fig. 1. The paired t test for two sample means was used to calculate any statistical significance between
drug free periods and specific interventions with tefluthrin. * denotes statistical significance at P � 0.05; while ** at P � 0.01.
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Using NO3
� as the charge carrier, it was found that

tefluthrin [10 �M; known to modulate the activity of a
number of cardiac cationic conductances (25)] caused a
marked enhancement of IAB. This effect was quantified
by fitting the NO3

� sensitive current during the depo-
larizing ramp protocol using the Chebyshev technique.
Currents for each cell studied were fitted before and
during exposure to tefluthrin using the equation

A * exp{�t/�} � C, [2]

where A is the current amplitude, � is the time con-
stant for each component, C is the steady-state asymp-
tote, and t is the time during the current. From the fits,
current density values at 10-mV intervals between
�60 and �60 mV were determined and results from a
number of myocytes were pooled to obtain mean val-
ues. These were then plotted (in Fig. 1d) to obtain
mean IAB–V relations. An outwardly rectifying voltage
dependence of IAB was observed. Analysis revealed an
81.8 � 4.3% (n � 5) increase in the current density at
an example membrane voltage of �60 mV with 10 �M
tefluthrin (Fig. 1d; P � 0.05) while 100 �M tefluthrin
produced a 295 � 10.2% increase (n � 4; data not
shown; P � 0.05) compared to control (i.e., the current
density of the nitrate sensitive difference current (IAB)
at �60 mV). For comparison, when current in the pres-
ence of tefluthrin was elicited in the absence of NO3

�

(with external aspartate), there was no net increase in
outward current (see Fig. 1d), thereby confirming that
tefluthrin modified the NO3

� sensitive current, without
affecting anion-insensitive residual current.

The data in Fig. 1d suggest that tefluthrin activates
IAB. This observation is significant, as tefluthrin is the
first reported modulator of this novel current. There-
fore, it was important to determine whether or not
tefluthrin’s effect was selective for IAB over other chlo-
ride conductances present in guinea-pig myocytes. The
effects of 10 �M tefluthrin on the current amplitudes of
(i) ICl,swell was studied by decreasing the extracellular
tonicity of solution F (solution G); and (ii) ICl,cAMP

through extracellular application of 1 �M FSK in so-
lution H. As ICl,Ca is not present in guinea-pig ventric-
ular myocytes (4) we did not need to test for the in-
volvement of this current contributing to IAB activation
by tefluthrin. Note that reported amplitudes of ICl,swell

and ICl,cAMP are much larger than that of IAB (23). Thus
under conditions “selective” for ICl,swell or ICl,cAMP one
might predict that the induced current would be
largely comprised of ICl,swell or ICl,cAMP with a small con-
tribution of IAB. Were a large tefluthrin sensitive cur-
rent to be observed, this might suggest a lack of selec-
tivity of the agent for IAB.

Figure 2a shows representative I-V relations for
whole-cell currents under isotonic (solution F) and hy-
potonic (solution G) conditions while the histograms in

Figs. 2b and 2c show normalized outward currents at
a test potential of �40 mV. These experiments show
that the current increased by hypotonic solution was
slightly sensitive to 10 �M tefluthrin (n � 4) applied
for a period of 10 min [see Fig. 2a (current b and c)
and Fig. 2b]. This increase in net current however
was comparatively small and is of a magnitude en-
tirely consistent with tefluthrin’s effect on IAB. The
results also show that the current activated by the
hypotonic solution was blocked by 50 �M DIDS (n � 3)
after 5 min of extracellular application (solution G;
Fig. 2c).

Similar to the results for the current in the presence
of hypotonic solution, the current in the presence of
FSK (FSK added to solution H) was found to be only
slightly sensitive to the extracellular application of 10
�M tefluthrin [(solution H and 1 �M FSK); Figs. 2d
and 2e]. The increase by tefluthrin of the current in the
presence of FSK [Figs. 2d (current traces b and c) and
2e (b and c)] was small, and was consistent with te-
fluthrin’s activating effect on IAB. Upon removal of 1
�M FSK from solution H (still containing 10 �M te-
fluthrin), the FSK induced current reversed back to the
basal current present prior to activation of the FSK
induced current [Figs. 2d (current trace d) and 2e (d)].
However, a significant increase in the current density
at �40 mV was observed between the current density
of the basal current prior to activation of the FSK
induced current, and the current density of the basal
current in the presence of 10 �M tefluthrin [Figs. 2d
(current traces a and d) and 2e (a and d); (P � 0.05)].
For comparison, further control experiments were car-
ried out to verify that removing 1 �M FSK from solu-
tion H, would result in the FSK induced current re-
versing back to the basal current prior to its activation.
Figure 2f shows that removing 1 �M FSK from solution
H, resulted in the FSK induced current reversing back
to the basal current with no increase in current density
at positive potentials. Similar results were obtained to
the results shown in Figs. 2d and 2e, when 100 �M
GLB [in the presence of 10 �M tefluthrin and 1 �M
FSK (solution H)] (n � 5; data not shown) was applied
to block the FSK induced current. A significant in-
crease in outward current density was observed at �40
mV when compared to the basal current prior to acti-
vation of the FSK induced current (P � 0.05). The
increase in outward current density observed at �40
mV with 10 �M tefluthrin, in the presence of both 100
�M GLB and 1 �M FSK (in solution H), is consistent
with tefluthrin’s activating effect on IAB.

A further set of ionic substitution experiments (n � 4)
were carried out in which cell shrinkage was induced by
a hypertonic solutions C and E containing 63 mM su-
crose. These experiments employed a modified, nucleo-
tide-free intracellular Cs-based solution (solution K)
without Mg-ATP, tris-GTP and Tris-phosphocreatine,
but contained 1 mM Cs EGTA (resulting in cell contrac-
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tions being abolished) and the protein kinase inhibitor
H7-dihydrochloride (6 �M). The histogram in Fig. 3
shows the mean nitrate sensitive current at �60 mV
obtained by depolarizing ramps during cell shrinkage.
The results obtained (Fig. 3) show that cell shrinkage,
PKA, PKC inhibition and intracellular calcium depletion

did not prevent the observation of IAB or reduce its cur-
rent density. In addition, 10 �M tefluthrin still produced
a marked enhancement of IAB under hypertonicity, intra-
cellular calcium depletion and PKA, PKC inhibition (P �
0.05). These results suggest that IAB possesses a pharma-
cology distinct from ICl,swell and ICl,cAMP.

FIG. 2. (a) Representative I–V relations for whole-cell currents during superfusion with (a) isotonic solution, (b) 5 min hypotonic solution
and (c) after 5 min subsequent superfusion with 10 �M tefluthrin in hypotonic solution. The I–V relation showed outward-going rectification
with near physiological (about 20 mM) intracellular Cl� concentrations (3). Histograms showing mean outward current amplitude of the
hypotonic solution induced current at a test potential of �40 mV before (control), after decreasing extracellular hypotonicity and after (b),
10 min superfusion with 10 �M tefluthrin (n � 4) and (c) 5 min superfusion with 50 �M DIDS (n � 3, this experiment was carried out as
a control to show that the hypotonic solution induced current is inhibited by 50 �M DIDS) in hypotonic solution. Solution I was used as the
intracellular solution in all experiments shown in a, b, and c. (d) Representative I-V relations for whole-cell currents during superfusion with
(a) solution H, (b) after adding 1 �M FSK to solution H for 5 min, (c) after 5 min superfusion with 10 �M tefluthrin in the presence of 1 �M
FSK in solution H, and (d) after 10 min in the presence of solution H and 10 �M tefluthrin. (e) Effect on mean outward current amplitude
of the FSK induced current at a test potential of �40 mV under conditions described for a, b, c, and d in (d), (n � 5). (f) Histograms showing
mean outward current amplitude of the FSK induced current at a test potential of �40 mV during solution H (control), after adding 1 �M
FSK to solution H, and after removing 1 �M FSK from solution H (n � 4, this experiment was carried out as a control to show that upon
removal of FSK from solution H, the FSK induced current reverses back to the basal current present). Solution J was used as the intracellular
solution in all experiments shown in d, e, and f.
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DISCUSSION

The experimental results obtained in this study dem-
onstrate the presence of an anionic background current
in guinea-pig ventricular myocytes. This observation is
important, as it demonstrates that IAB is not merely re-
stricted to the rat heart, the electrophysiology of which
differs significantly from the human heart (17). IAB is a
time independent current (without rapid activation
or inactivation properties) that exhibits voltage depen-
dence. As such, it would be expected to contribute to the
overall outward current of the action potential. Thus, IAB

would facilitate the rapid phase-1 and phase-3 repolar-
ization phase of an action potential, contributing to reg-
ulating APD. Guinea-pig IAB is permeable to a range of
anions with the following permeability sequence:

NO3
� � I� � Cl�.

Yet, the activation of IAB is not dependent upon PKA
and PKC, cell-swelling nor on intracellular Ca2� (Fig.
3), furthermore, the widely used stilbene diphospho-
nate blocker DIDS did not block IAB at a concentration
of 50 �M. These results suggest that IAB from guinea-
pig shows characteristics similar to those in rat ven-
tricular myocytes (17).

To date, very few compounds have been identified
with putative chloride channel activating properties,
examples include: (i) ICl,cAMP activators: genistein (a fla-
vonoid), the benzo[c]quinolizinium MPB-07 (26), the
substituted benzimidazoline NS004 (5-trifluoromethy-
1-(5-chloro-2-hydroxyphenyl)-1,3-dihydro-2H-benz-
imidazol-2-one) and NS1619 (1-(29-hydroxy-59-trifluoro-
methylphenyl)-5-trifluoromethyl-1,3-dihydro-2H-benz-
imidazol-2-one), and a number of xanthine derivatives
(e.g., 3,7-dimethyl-1-propyl xanthine) (27); and (ii) hu-
man recombinant ClC-2 channel activation in HEK-
293 cells: by amidation with glycine methyl ester cata-
lyzed by 1-ethyl-3(3-dimethylaminopropyl) carbodiimide

(EDC) and treatment with acid-activated omeprazole
(28). All the chloride channel modulators noted above
display a fairly low affinity (mid �M–mM) and possess
poor selectivity for the different classes of chloride
channels. In our study, tefluthrin (10 and 100 �M)
significantly increased the magnitude of IAB at positive
membrane potentials under both isotonic and hyper-
tonic conditions after 10 min of superfusion (Fig. 1d).
Pyrethroid insecticides have been reported to modify
sodium channels in excitable tissues (see reviews
29, 30 and 25). In addition to the effects on sodium
channels, pyrethroids suppress voltage-activated Ca2�

channels (31, 32), GABA and glutamate receptor-
channel complexes (18, 19), the open probability of
voltage-dependent Cl� channels in mouse NIE-115
cells (20) and volume-sensitive taurine efflux in Hela
cells (21). Yet, until the present study no published
observations have been reported about a pyrethroid
activating a chloride conductance. Although tefluthrin
has been found to have a low (�M) affinity for IAB, the
results presented in Figs. 2b and 2e suggest that it is
selective for IAB over other chloride conductances. The
fact that IAB possesses a distinct pharmacology from
ICl,swell and ICl,cAMP suggests that the underlying channel
may also be expected to be distinct. Thus, further in-
vestigation of the pharmacology of IAB is now warranted
as it may provide a novel pharmacological target.

In conclusion, our results demonstrate the existence
of a novel background current (IAB) in guinea-pig ven-
tricular muscle and that this current exhibits similar
properties to the background current observed in rat
ventricular tissue. In addition, the results show that
IAB possesses a different pharmacology from other an-
ionic conductances identified in the heart (24). The
finding that this current is present in cardiac myocytes
from two widely studied species warrants further in-
vestigation in order to understand its role in affecting
action potential duration and its involvement in ar-
rhythmogenic mechanisms. It remains to be deter-
mined directly whether or not IAB is present in the
human heart. However, our observation of the pres-
ence of IAB in a species with a ventricular AP with a
high plateau is notable; also, one study suggests that a
background Cl� current may be present in human atria
(33). Additional studies of IAB distribution depending
on cell type, tissue and region of the heart are impor-
tant to ascertain whether or not this current is heter-
ogeneously distributed and whether it may offer a
novel therapeutic target for antiarrhythmic agents.
Hence, the results of this study have important impli-
cations for those studying cardiac Cl� channels as po-
tential targets for novel antiarrhythmic agents (5).
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