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Abstract. The fibroblast intermediate conductance, cal-
cium-activated potassium channel (FIK) is proposed here
as a functional prototype for other IK channels which to
date have undefined physiologic actions. FIK pharma-
cology in the 10T1/2-MRF4 myogenic fibroblast cell
line was determined: to define the relationship of FIK to
other IKs; to confirm a physiologic role for FIK; and,
thus develop a hypothesis about IK channel family func-
tion. Whole cell patch-clamp electrophysiology was
used to determine K0.5 values for FIK block by the struc-
turally related peptides charybdotoxin (ChTX) (7 nM)
and iberiotoxin (IbTX) (536 nM), and a new unrelated
FIK inhibitor, Stichodactylatoxin (StK) (85 nM). Pep-
tide pharmacology for FIK was consistent with that of
recently cloned IKs. ChTX and StK inhibited bFGF
stimulated 10T1/2-MRF4 cell proliferation with dose-
dependencies consistent with their FIK blocking actions.
ChTX, StK, and IbTX also evoked MRF4-dependent
transcription as measured by muscle acetylcholine recep-
tor channel functional expression; but they did not evoke
subsequent multinucleated fiber formation or myosin
heavy chain expression, suggesting a role for FIK in
early, rather than late, myogenic events. Thus despite
structural differences, ChTX, IbTX, and StK have com-
mon effects on cell growth and differentiation reflecting
their common FIK blocking action. We suggest that a
major function of the IK channel family is to regulate
cell growth.
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Introduction

IK channels are voltage-independent potassium channels
that are activated by submicromolar concentrations of

intracellular calcium, and exhibit mild inward rectifica-
tion, giving single channel conductances ranging from
10–20 to 30–40 pS at positive and negative potentials,
respectively [4, 10, 16, 27]. Pharmacologically, IK
channels have been characterized by their sensitivity to
block by the scorpion toxin peptides, ChTX and IbTX,
and resistance to block by the bee venom, apamin, an
inhibitor of the small conductance (SK) calcium-acti-
vated potassium channels. Native IK channels are ex-
pressed in nonexcitable, mitogenically active cell types,
including human T-lymphocytes [16, 17], endothelial
cells [1], and a variety of fibroblast cell lines [4, 11, 20,
22–24]. However, based on physiological and pharma-
cological evidence, these channels are apparently absent
from electrically excitable tissues. Recently, it has been
shown that certain features of native IK channels are
shared by two IK channels cloned from human pancre-
atic (hIK1) and lymph node libraries (hKCa4) [12, 18].
Similar to native IK, the cloned IK channels are activated
by submicromolar concentrations of intracellular cal-
cium, are sensitive to ChTX and IbTX block, insensitive
to apamin, and have single channel conductances of 11–
15 pS and 33–40 pS at positive and negative voltages,
respectively [12, 13, 18]. The mRNA transcripts of the
cloned hIK1 and hKCa4 channels are expressed in acti-
vated T-cells as well as in mitogenically active tissues
isolated from colon, placenta, and thymus; but, as for
native IK channels these transcripts are absent from ex-
citable tissues (brain, skeletal muscle, and heart) [12,
18]. In contrast to other members of the KCa channel
superfamily, including SK and the large conductance
(BK) channels, the physiological role of the cloned IK
channels remains undefined.

This lab has previously characterized a fibroblast IK
(FIK) channel [10] with a pharmacology and electro-
physiology similar to cloned IKs [12–14, 18]. We origi-
nally used the term SK for this channel [10], rather than
FIK, because its conductance (17/35 pS at 60/−60 mV)Correspondence to:S.G. Rane
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was close to that of the well-known neuronal small-
conductance, calcium-activated potassium channels (SK,
ca.14 pS), and because genetic evidence did not exist for
a distinct IK channel family. However, based on our
present pharmacological results, along with previous
physiological data, it is now clear that the fibroblast IK
channel belongs to the new IK channel class described
above. Therefore, we now identify the fibroblast cal-
cium activated potassium channel as FIK rather than SK.

The FIK channel is upregulated in response to mi-
togenic activation of the Ras/ERK signaling pathway
[11, 20, 23, 24]. In addition, ChTX block of FIK inhibits
mitogen-stimulated proliferation, suggesting an impor-
tant role of FIK in cell growth control. We have previ-
ously shown in 10T1/2–MRF4 cells that in the presence
of Ras/ERK activators typified by bFGF, FIK is upregu-
lated, and MRF4-dependent myogenic gene expression is
suppressed [8, 20]. 10T1/2-MRF4 is a multipotent, fi-
broblast cell line ectopically overexpressing the muscle-
specific, basic-helix-loop-helix regulatory transcription
factor, MRF4 [25]. Upon bFGF withdrawal, FIK is
downregulated and the MRF4-dependent myogenic pro-
gram is induced, including the expression of acetylcho-
line (ACh) receptor channels, a classic index of myo-
genic differentiation. Finally, in bFGF stimulated 10T1/
2-MRF4 cells, ChTX block of FIK inhibits proliferation
and induces MRF4-dependent muscle specific gene ex-
pression identical to mitogen withdrawn cells. Thus, we
have proposed that bFGF suppression of MRF4 induced
myogenesis is dependent on FIK, and that this suppres-
sive action of the channel is corollary to its positive
mitogenic function.

The presence of IK channel transcripts in mitogeni-
cally active tissues, and their absence from terminally
differentiated tissues, suggests that a general function of
IK channels may be to regulate mitogenic cell growth,
although this idea has not been directly tested. The FIK
channel plays a well demonstrated role in fibroblast cell
growth control [11, 20, 23, 24], and therefore could serve
as the prototype native channel to address the importance
of the cloned IK channels in controlling proliferation and
transcriptional activation. This study supports the use of
FIK as an IK prototype by showing new pharmacological
evidence that FIK and cloned IK channels are related.
This new pharmacology was also used to further
strengthen the connection between FIK activity and the
regulation of transcription via MRF4. These results
strongly suggest that other IK channel family members
may function as physiological targets for cell signaling
events that regulate cell growth and differentiation.

Materials and Methods

CELL CULTURE AND PREPARATION

Experiments were carried out using 10T1/2 cells constitutively over-
expressing a rat MRF4 cDNA (10T1/2-MRF4; provided by Dr. S.F.

Konieczny, Department of Biological Sciences, Purdue University,
West Lafayette, IN). Stock 10T1/2-MRF4 cultures were grown on
gelatin-coated dishes and maintained as described previously [20].
For electrophysiology cells were seeded onto gelatin-coated 35-mm
dishes and grown to confluence in basal medium, Eagle/15% FBS, and
then switched to low glucose DMEM/2% HS with or without 20 ng/ml
bFGF and channel blockers for 24 hr. For growth experiments cells
were plated at 5 to 10 × 104/well (24 well plates) in low glucose
DMEM/2% HS plus bFGF with or without channel blockers. Cells
were treated and counted daily using a hemocytometer and Trypan blue
exclusion was used to insure counts of only viable cells. All cultures
were maintained in a humidified, 5% CO2 atmosphere at 37°C.

IMMUNOCYTOCHEMISTRY

Cells were grown as described above (for electrophysiology) for 48 hr
and then rinsed in cold phosphate buffered saline (PBS) (in mM): 150
NaCl, 1.9 NaH2PO4:H2O, and 8.1 Na2HPO4, pH 7.3. Following the
washes cells were fixed with a 90% methanol solution for 15 min at
room temperature. Fixed cells were rinsed with PBS and then perme-
abilized by incubation with 0.1% Triton X-100 in PBS and 5% HS for
20 min at room temperature. Cells were then incubated with the anti-
myosin mouse monoclonal antibody MF-20 for 1–5 hr, and then treated
with a biotinylated anti-mouse IgG secondary antibody for 45 min,
followed by incubation with Streptavidin, Horse Radish Peroxidase
(HRP). Immune complexes were visualized using a 3,38-diamino-
benzidine (DAB) and 30% H2O2 solution, and photographed under
bright field. All antibody incubations were carried out at room tem-
perature, 22–25°C.

SOLUTIONS AND REAGENTS

The standard bath solution used for recording whole-cell FIK channel
and ACh receptor channel currents contained (in mM): 138 NaCl, 9
KCl, 1 MgCl2, 1 CaCl2, and 10 HEPES. The patch pipettes solution for
these recordings contained (in mM): 150 KCl, 1 MgCl2, 10 HEPES, and
0.1 EGTA. For whole-cell FIK channel recordings a pipette solution
containing (in mM): 150 KCl, 1 MgCl2, 10 HEPES, and 0.1 EGTA, and
10 mM free Ca2+ adjusted by addition of CaCl2, was also used [11, 20].
A23187 (Sigma), ChTX, IbTX, StK (BACHEM Bioscience), and
NS1619 (Research Biochemicals International) were stored as frozen
stocks and aliquots of each were diluted to final concentrations on the
day of use. Application of compounds to cells was accomplished via
pressure ejection of solution from blunt-tipped pipettes. All solutions
were at pH 7.3, and experiments were carried out at room temperature,
22–25°C. For immunocytochemistry experiments MF-20 (provided by
Dr. S.F. Konieczny, Department of Biological Sciences, Purdue Uni-
versity, West Lafayette, IN), biotinylated anti-mouse IgG, and strep-
tavidin HRP (Vector Labs) were stored at 4°C. DAB and Triton X-100
(Sigma) were stored at room temperature.

ELECTROPHYSIOLOGY

Patch-clamp apparatus, techniques, and cell preparation for recordings
were as described previously [20]. Whole-cell FIK currents were mea-
sured during voltage steps to 0 mV (from −70 mV), and intracellular
calcium levels were increased either by extracellular application of
A23187 (1mM), or by increasing the free calcium concentration in the
patch pipette solution to 10mM. Previous studies in 10T1/2-MRF4,
and other fibroblast cell lines, have shown that calcium-activated cur-
rents recorded at 0 mV are due entirely to FIK channel activity [10, 11,
20, 22]. Whole-cell ACh receptor currents were recorded at −70 mV in
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response to extracellular application of 100mM ACh. The analogue
compensation circuitry of the patch-clamp amplifier was used to esti-
mate whole-cell capacitances (expressed in picofarads, pF). Whole-
cell currents were normalized to cell capacitance, an indirect measure
of membrane area, and expressed as a current density in picoamperes/
picofarads (pA/pF). Dose-response curves for ChTX, IbTX, and StK
were fit with the Hill equation: %FIK current block 4 100/[1 +
(K0.5/C)n], where K0.5 is the concentration of toxin determined to
achieve half-maximal block, andC is the toxin concentration. A single
binding site was assumed in deriving the curves. All statistical results
are given as the mean ±SEM. Significant differences in current densi-
ties in response to various growth conditions were assessed by a two-
tailed, nonpaired Student’st-test at the 0.05 level. Multiplet-tests were
employed and the criticalP value per test was adjusted so that an
overall error rate of 0.05 was maintained.

Results

EFFECTS OFPEPTIDYL TOXINS ON FIK CHANNEL

ACTIVITY AND 10T1/2-MRF4 CELL PROLIFERATION

We determined the dose response relationship for FIK
block by ChTX, StK, and IbTX. These experiments
were carried out to more precisely define the relationship
of FIK to other IK channels; and, to test the hypothesis,
initially formulated using a single dose of ChTX, that
FIK block correlates with inhibition of cell growth.
Whole-cell patch clamp recordings were used to deter-
mine the percent FIK current block by peptidyl toxins in
24 hr bFGF stimulated 10T1/2-MRF4 cells. The effects
of potassium channel-selective scorpion toxin peptides,
ChTX and IbTX, and the structurally unrelated marine
toxin, StK [3, 26] were evaluated in one of two ways: a
population study was performed in which FIK channels
were activated by extracellular application of 1mM

A23187, and the FIK current levels were compared with
or without toxin in the bath solution; or FIK was acti-
vated by elevating free intracellular calcium (10mM) in
the whole-cell patch pipette, and the amount of current
block was assessed in response to acute toxin applica-
tion. There was no measurable difference in FIK current
amplitudes measured with either of these two methods.
Therefore currents recorded under both conditions were
used to report the percent FIK current block in response
to ChTX, IbTX, and StK.

The full ChTX dose response curve (Fig. 1A) shows
the K0.5 for FIK block (7 nM) is similar to that reported
for cloned IK channels, 2.5 and 10 nM for hIKI and
hKCa4, respectively [12, 18], and for a native IK channel
in bovine aortic endothelial cells (BAEC, 3.3 nM) [1].
Consistent with the pharmacology of both native BAEC
and cloned IK channels, IbTX was a less potent FIK
blocking agent (K0.5 4 536 nM) than ChTX, despite 70%
sequence identity shared by the two toxins [15]. None-
theless, IbTX may be useful in distinguishing the cell
biological effects of FIK from the actions of the more

IbTX-sensitive BK channels. The StK toxin is part of a
new structural class of potassium channel toxins, isolated
from sea anemone, which shares little sequence similar-
ity with other known potassium channel toxins [21].
StK, however, was a more potent FIK blocker than IbTX,
with a calculatedK0.5 value of 85 nM. The full dose-
response data shown here are in agreement with the
single peptide dose comparisons for the native BAEC IK
channel, in which the rank order for IK channel toxin
sensitivity is ChTX > StK@ IbTX [1].

ChTX block of FIK inhibits bFGF stimulated 10T1/
2-MRF4 cell proliferation, so that these cells grow at a
rate similar to mitogen withdrawn cells (2% HS) [20].
We asked if StK also inhibits bFGF-stimulated 10T1/2-
MRF4 cell proliferation. Figure 1B shows that StK in-
hibited bFGF-stimulated 10T1/2-MRF4 proliferation in a
dose-dependent fashion, with greater inhibition observed

Fig. 1. (A) Dose-response curve for ChTX, IbTX, and StK-induced
FIK channel block in 10T1/2-MRF4 cells, showing percent FIK chan-
nel block as a function of ChTX, IbTX, and StK concentration. Each
data point represents the mean percent current block determined from
4–10 whole-cell experiments. TheK0.5 values were derived by fitting
the Hill equation (assuming a single binding site) to the data for each
toxin. (B) bFGF stimulated 10T1/2-MRF4 cell proliferation is inhibited
by chronic treatment with ChTX, and the new FIK channel blocker
StK. Results represent data from two identical experiments performed
in duplicate. Note that for some data columns error bars are too small
to display.
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at 1 mM (approximately 90% FIK block)vs. 200 nM

(approximately 70% FIK block); 1mM StK was appar-
ently more effective at inhibiting growth than was 200
nM ChTX. Since both ChTX and StK block FIK and
inhibit proliferation, yet are structurally unrelated, their
most likely site of antiproliferative action is FIK and not
some other cellular process required for growth.

StK AND IbTX TREATMENT CONFIRMS A ROLE FOR FIK
IN CONTROL OF MRF4-DRIVEN TRANSCRIPTION

In bFGF-stimulated 10T1/2-MRF4 cells, ChTX block of
FIK results in MRF4-driven ACh receptor channel ex-

pression identical to that seen under mitogen withdrawal
[20]. We asked if StK application to bFGF-treated cells
would also result in ACh receptor channel expression.
Again, a positive result would suggest that FIK block
alone was responsible for StK or ChTX effects on MRF4
mediated transcription. Figure 2A shows that pharmaco-
logical block of FIK with 1mM StK results in a modest
(30.5 ± 10.9 pA/pF,n 4 39), but significant increase in
ACh receptor channel expression compared to cells
treated with bFGF alone (0.6 ± 0.6 pA/pF,n 4 14 in 2%
HS + bFGF). The percentage of ACh responsive cells
also increases (Fig. 2B). However, at higher StK con-
centrations (3 and 6mM), and thus increased (>95%) FIK
channel block, smaller increases in ACh receptor channel
expression were observed. In the presence of 3 and 6mM

StK, the ACh receptor current densities were 21.1 ± 12.4
pA/pF (n 4 9), and 15.8 ± 2.3 pA/pF (n 4 7), respec-
tively. In addition to lower ACh channel current densi-
ties, there was also a decrease in the percentage of ACh
responsive cells (53, 33, and 14% for 1, 3, and 6mM StK)
(Fig. 2B). These observations suggested that in addition
to blocking FIK, StK may also inhibi t ACh
receptor channel function. Therefore, we tested for pos-
sible acute StK inhibitory effects on ACh receptor chan-
nel activity. For this experiment, whole-cell ACh recep-
tor currents were recorded from 48 hr mitogen with-
drawn (differentiated) 10T1/2-MRF4 cells, and 1mM

StK was added to the bath solution at the time of record-
ing. This acute StK application reduced ACh receptor
channel currents by 75%. After five complete exchanges
of the bath solution over the course of an hour, the ACh
currents were re-assayed and remained 60% reduced
relative to the control. These data suggest that in addi-
tion to blocking FIK, StK directly inhibits ACh receptor
channel currents in 10T1/2-MRF4 cells, and reversal of
this inhibition is prolonged. Therefore, our estimates of
ACh receptor induction in response to chronic StK treat-
ment are compromised by acute ACh receptor block by
the toxin. We estimate the induction of ACh receptor
channels due to chronic 1mM StK treatment should be in
a higher range (between 76–122 pA/pF) if the acute in-
hibitory effect of StK on ACh channels could be negated.
These densities would coincide with the ACh receptor
densities observed for FIK block with 100–200 nM

ChTX (Fig. 2A). Thus, low ACh current densities (for
StK vs. ChTX treatment) reflect StK block of ACh re-
ceptor channels, and not a failure of StK block of FIK to
override negative regulation of MRF4.

For bFGF-stimulated 10T1/2-MRF4 cells grown in
the presence of IbTX, the levels of ACh receptor channel
expression more closely mimicked that of ChTX-treated
cells. In bFGF-stimulated cells treated with 1 and 10mM

IbTX, ACh receptor current densities (41.7 ± 18.2 pA/
pF, n 4 4, and 49.8 ± 15.3 pA/pF,n 4 8, respectively)
were significantly greater than for bFGF alone (see

Fig. 2. (A) bFGF suppression of ACh receptor channel functional ex-
pression is overcome by chronic treatment with FIK channel blockers.
Cumulative data for whole-cell ACh current densities from 24 hr
bFGF-stimulated 10T1/2-MRF4 cells with or without FIK blockers,
StK (1, 3, and 6mM), IbTX (1 and 10mM), or ChTX (200 nM). ACh
current density for 24 hr mitogen withdrawn (2% HS) cells shown as
positive control. Growth factor and toxins were removed prior to ACh
receptor recordings. All FIK blocker-induced ACh channel densities
were significant larger than the density in cells treated with bFGF alone
(seeMethods). (B) Percent ACh responsive cells corresponding to the
densities reported inA. ACh currents of 10 pA or greater were counted
as a response. (C) Representative current traces for cumulative data in
A andB.
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above). Also, at the higher (10mM) IbTX concentration,
thus higher (90–95%) percent FIK current block, the per-
centage of ACh responsive cells was nearly identical to
the percentage of responsive cells grown in bFGF + 200
nM ChTX or 2% HS (Fig. 2B). These data indicate that
>90% FIK current block is required to completely over-
ride bFGF suppression of ACh receptor channel expres-
sion, i.e., evoke maximal ACh receptor channel expres-
sion equivalent to mitogen withdrawn cells. Also, that
bFGF induced negative regulation of MRF4 and thus
suppression of MRF4-dependent ACh receptor channel
gene expression is a FIK mediated event.

FIK CHANNEL BLOCK FAILS TO OVERCOME

bFGF-INDUCED SUPPRESSION OFMYOSIN HEAVY-CHAIN

EXPRESSION ANDMULTINUCLEATED MUSCLE

FIBER FORMATION

Mitogen withdrawal from 10T1/2-MRF4 cells decreases
FIK channel levels coincident with MRF4-dependent
muscle gene activation and myogenic differentiation, in-
cluding ultimately the fusion of uninucleated myoblasts
into multinucleated myotubes [8, 20, 25]. The ability of
ChTX, IbTX, and StK to evoke increases in ACh recep-
tor channel expression supports the role of FIK as a
regulator of MRF4-dependent gene transcription. We
also tested whether FIK block with ChTX, IbTX, or
StK would evoke MRF4-dependent MHC expression
and muscle fiber formation. 10T1/2-MRF4 cells were
switched to mitogen-withdrawn (2% HS) or mitogen-
stimulated (2% HS + bFGF with or without FIK blocker
present) growth conditions for 48 hr, and then assayed
for the presence of MHC (Fig. 3). In all cases myosin
staining was compared to that of mitogen-withdrawn
(2% HS) cells, for which MHC staining level was set to
a value of 100. Although ChTX induces ACh receptor
expression in bFGF-treated cells, it failed to induce
MHC expression or multinucleated muscle fiber forma-
tion. StK and IbTX were similarly ineffective (data not
shown). Mitogen-withdrawn cells treated with ChTX
showed normal multinucleated muscle fiber formation
and MHC expression, therefore, ChTX does not directly
interfere with morphological differentiation. These re-
sults suggest that although ChTX or StK block of FIK
activates MRF4-dependent ACh receptor channel ex-
pression, the effects of these toxins on muscle-specific
gene expression are limited to the activation of early
myogenic genes, and thus myogenic events that precede
morphological differentiation. The expression of MHC,
coupled to muscle fiber formation, represent late events
of skeletal myogenesis. The failure of FIK block (by
ChTX and StK) to evoke these events, suggests that the
FIK channel is necessary but not sufficient to regulate
the transition from proliferating myoblasts to terminally
differentiated skeletal muscle fibers.

EFFECTS OFNONPEPTIDYL POTASSIUM CHANNEL

MODULATORS ON 10T1/2-MRF4 CELL FIK CURRENT

AND GROWTH

The identification of compounds that activate FIK, and
thus could augment its activity in the presence of bFGF,
would serve as useful tools for potentiating the effects of
FIK on cell growth. NS1619 is a benzimidazolone com-
pound that was originally characterized as a maxi KCa

channel activator [6, 9]. It was investigated with the aim
of identifying a FIK activator. Instead, external applica-
tion of 50mM NS1619 caused an immediate, nearly com-
plete block of whole-cell FIK currents in 10T1/2-MRF4
cells (Fig. 4A). The effect of NS1619 on peak whole-cell
FIK current amplitude was fully reversible. During the
course of our experiments it was reported that 100mM

NS1619 maximally inhibited native BAEC IK channel
activity [1], thus the pharmacology of FIK and the BAEC
IK channel remain consistent. Figure 4B shows that 50
mM NS1619 inhibits cell proliferation in bFGF stimu-
lated 10T1/2-MRF4 cells as effectively as 200 nM ChTX.
These data present further evidence for the role of FIK as
a positive regulator of mitogenesis.

Chronic NS1619 treatment of bFGF-stimulated cells
completely abolished FIK channel currents. Cells grown
in the presence of bFGF with either 25, 50, or 100mM

NS1619 (24 or 48 hr), failed to show A23187 evoked
FIK currents (data not shown). Also, we did not observe
ACh receptor currents, indicating that the NS1619 in-
duced loss of FIK channel activity failed to override
bFGF suppression of MRF4-dependent ACh receptor
channel expression (data not shown). Further, fully dif-
ferentiated 10T1/2-MRF4 cells showed a decline in ACh
receptor current density upon chronic exposure to
NS1619. The mean ACh channel current density ob-
served in 48 hr mitogen withdrawn (2% HS) cells (142.4
± 40.7 pA/pF,n 4 22) decreased in proportion to the
length of the NS1619 exposure. Following 5 hr 25mM

NS1619 exposure ACh current density decreased by
57% (61.7 ± 18.2 pA/pF,n 4 6), and the current density
of 12 hr 25mM NS1619-treated cells decreased by 87%
(19.1 ± 7.8 pA/pF,n 4 7). These results suggest that
NS1619 may suppress ongoing ACh channel gene ex-
pression, or synthesis or membrane insertion of channel
protein in already differentiated cells. They also indicate
that chronic NS1619 treatment may have suppressed FIK
channel expression in bFGF-treated cells. To further
screen for potential FIK channel activators, the effects
of other potassium channel openers, namely cromakalin,
diazoxide, and minoxidil, were also investigated [19].
None of these compounds exhibited any effects on FIK
channel currents (Table).

Discussion

This study has defined the pharmacology of the fibro-
blast IK channel, FIK, demonstrated that its pharmaco-
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logical profile is shared by other IK channels, and shown
that FIK functions as an important regulator of events
that govern cell growth, and differentiation in 10T1/2-
MRF4 cells. We have identified new inhibitors of FIK
and have shown that these agents also inhibit prolifera-
tion, and induce MRF4-dependent ACh receptor channel
expression. These results support a biological role of
FIK in mitogen-stimulated proliferation and transcrip-
tional regulation. It is proposed that FIK’s role in con-
trolling cell growth can serve as a model for understand-
ing the function of the IK channel family, and its selec-
tive occurrence in mitogenically active tissues.

The unique pharmacological and cell biological pro-
file of FIK sets this channel apart from other well-

characterized members of the potassium channel super-
family, including BK and SK channels. BK and SK
channels are widely distributed in excitable tissue, and
their activation has been linked to control of neuronal
excitability, smooth muscle tone, and spike frequency
adaptation [19, 27]. IK channels are apparently absent
from excitable tissue based on physiological and expres-
sion studies, but are present in mitogenically active cells
including T-lymphocytes [16, 17], and mitogen-
stimulated fibroblasts [4, 11, 20], where their activity has
been correlated with positive proliferative control [23,
24]. Transcripts of the cloned IK channels, hIK1 and
hKCa4, are widely expressed in a variety of mitogeni-
cally active tissues, including hematopoietic cells [12, 14,

Fig. 3. Chronic ChTX treatment of mitogenically stimulated 10T1/2-MRF4 cells fails to induce myosin heavy chain expression and morphological
differentiation. Immunocytochemistry of 48 hr mitogen withdrawn (2% HS) or bFGF-stimulated cells, with or without ChTX 200 nM. The number
of myosin positive cells were averaged from six randomly chosen microscopic fields. Cells were photographed under bright-field at 100×.
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18]. Furthermore, the cloned IK channels have a phar-
macology and electrophysiology very similar to that re-
ported here for FIK.

Like FIK, heterologously expressed IK channels are
blocked by ChTX with aK0.5 in the low nM range (2.5
and 10 nM) [12, 18]. We found that whole-cell FIK cur-
rents are sensitive to StK block, and that IbTX is a less
potent FIK blocker. These results are comparable to the
pharmacology reported for the BAEC IK channel iden-
tified by Cai et al. [1]. The StK toxin is part of a new

family of channel toxins with a primary amino acid se-
quence unrelated to that of the scorpion toxin peptides
ChTX and IbTX. Residues Lys22 and Tyr23 in StK are
essential for its binding to potassium channels [21, 26].
These amino acid residues are similar to Lys27 and
Tyr36 of ChTX in that they are important for channel
binding. This suggests that StK may block FIK by in-
teracting with a site on the channel similar to the ChTX
binding site. IbTX, a member of the scorpion family of
potassium channel toxins, shares a high (70%) sequence
identity with ChTX but is a less potent IK blocker. This
lower potency of IbTX is shared by other IK channel
types, including IK channels from T-lymphocytes and
BAEC [1, 16]. IbTX blocks BK channels, at a concen-
tration well below its effective rangevs. IK [2]. There-
fore, IbTX can be used to unambiguously separate the
physiological actions of BK channels from those of FIK.
These data confirm a peptide pharmacology for FIK that
is shared by other IK channel types, but is clearly distinct
from BK and SK channel families. More importantly, by
analogy to FIK, the cloned IK and other native IK chan-
nels may prove to have a similar physiological role also
distinct from the other calcium-activated potassium
channel types.

This more complete FIK pharmacological profile
was used to extend earlier work, which showed that
ChTX block of FIK inhibits mitogen stimulated 10T1/2-
MRF4 proliferation, coincident with the rapid induction
of ACh receptor channel expression via the muscle regu-
latory transcription factor, MRF4 [20]. From these ini-
tial data it was concluded that FIK positively regulates
mitogenesis, and suppresses MRF4 dependent transcrip-
tion of muscle specific genes. A calcium-activated po-
tassium conductance has also been correlated with
proliferative stimulation and myogenic suppression in
muscle satellite cells, which act as an in vivo reserve of
myocyte precursors [7]. The finding reported here that
ChTX, StK and IbTX block of FIK promotes the expres-
sion of ACh receptor channels, but fails to induce muscle
fiber formation or myosin heavy chain (MHC) expres-
sion, suggests for the first time that ion channel activity
may regulate expression of early myogenic genes. Fur-
ther, these results suggest there is a definitive breakpoint
in the physiological control of early,vs. late, myogenic
events. Additional analysis of this system may help elu-
cidate the control mechanisms for early myogenic gene
expression, specifically for muscle ion channel genes.

The identification of FIK channel activators would
provide a means, independent of mitogenic stimuli, by
which to increase FIK channel activity and thus stimulate
cell growth. A panel of potassium channel activators
tested here failed to enhance FIK channel activity.
Indeed one, NS1619, unexpectedly blocked FIK channel
currents and inhibited mitogen-stimulated cell prolifera-
tion. Chronic NS1619 application, however, completely

Fig. 4. (A) Scatter plot showing NS1619 reduction of peak whole-cell
FIK current amplitude. FIK current was activated by inclusion of 10
mM free calcium in the patch pipette. (Inset) Asterisks denote the rep-
resentative FIK current traces. (B) Growth experiment showing inhi-
bition of bFGF-stimulated 10T1/2-MRF4 proliferation by 50mM

NS1619. Results represent data from two identical experiments per-
formed in duplicate.

Table. Pharmacology of the FIK channel

Compound Concentration % FIK current block n

ChTX 100 nM >90 5
IbTX 10 mM >90 7
StK 1 mM >90 12
Cromakalin 100mM N.E. 3
Diazoxide 100mM N.E. 8
Minoxidil 30 mM, 60 mM N.E. 8, 3
NS1619 25mM, 50 mM 80, 96 4, 4

N.E. indicates no block or potentiation of FIK current.
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abolished the expression of FIK and ACh channel cur-
rents in bFGF stimulated 10T1/2-MRF4 cells. The rea-
sons for this effect are not immediately obvious, but we
speculate that the highly lipophilic nature of this com-
pound may lead to nonspecific toxic effects. The use of
NS1619 in electrophysiological studies have been lim-
ited to acute modulatory effects of this compound on
channel activity [5, 9]. The chronic effects of NS1619
on cell growth require that some caution be observed in
the cell biological use of this compound.

The expanded pharmacological profile of the FIK
channel developed here serves several purposes. It pro-
vides further verification of FIK’s role in controlling cell
growth by showing that multiple FIK blockers produce
the same biological effects, i.e., inhibition of fibroblast
proliferation, and, in the 10T1/2-MRF4 cell system, re-
lief of bFGF induced inhibition of MRF4-dependent
muscle gene expression. Also, the FIK pharmacology,
when compared to that of cloned and other native IK
channels, suggests that FIK and these channel types are
very closely related. This view has implications for fu-
ture investigations into the physiological roles of the
cloned IK channel members, whose tissue distribution
alone suggests they probably do not contribute to regu-
lating electrical excitability as do SK and BK channels.
Instead, selective expression of the cloned IK channels in
mitogenically active tissues, in conjunction with what
has been demonstrated for FIK and fibroblast cell
growth, suggests to us that the IK family will prove to be
an important modulator of cell growth in a number of
tissues. Now that tools are becoming available to perturb
IK channel function relatively selectively, it should be
possible to determine the mechanistic basis of this chan-
nel family’s influence on the transcriptional events gov-
erning cell growth. The FIK/10T1/2-MRF4 cell system
provides a well-defined biological context in which to
ask these fundamental questions regarding the IK chan-
nel family.

We are grateful to Dr. S. Rossie for critical review of the manuscript.
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tional Institutes of Health NRSA fellowship (TLP).

References

1. Cai, S., Garneau, L., Sauve´, R. 1998. Single-channel characteriza-
tion of the pharmacological properties of the KCa2+ channel of
intermediate conductance in bovine aortic endothelial cells.J.
Membrane Biol.163:147–158

2. Candia, S., Garcia, M.L., Latorre, R. 1992. Mode of action of
iberiotoxin, a potent blocker of the large conductance Ca2+-
activated K+ channel.Biophys. J.63:583–590

3. Castan˜eda, O., Sotolongo, V., Amor, A.M., Stocklin, R., Ander-
son, A.J., Harvey, A.L., Engstrom, A., Wernstedt, C., Karlsson, E.
1995. Characterization of a potassium channel toxin from the Ca-
ribbean Sea anemoneStichodactyla helianthus. Toxicon33:603–
613

4. Decker, K., Koschinski, A., Trouliaris, S., Tamura, T., Dreyer, F.,
Repp, H. 1998. Activation of a Ca2+-dependent K+ current by the
oncogenic receptor protein tyrosine kinase v-Fms in mouse fibro-
blasts.Naunyn Schmiedebergs Arch. Pharmacol.357:378–384

5. Devor, D.C., Frizzell, R.A. 1993. Calcium-mediated agonists ac-
tivate an inwardly rectified K+ channel in colonic secretory cells.
Am. J. Physiol.265:C1271–1280

6. Gribkoff, V.K., Lum-Ragan, J.T., Boissard, C.G., Post-Munson,
D.J., Meanwell, N.A., Starrett, J.E., Jr., Kozlowski, E.S., Romine,
J.L., Trojnacki, J.T., McKay, M.C., Zhong, J., Dworetzky, S.I.
1996. Effects of channel modulators on cloned large-conductance
calcium-activated potassium channels.Mol. Pharmacol.50:206–
217

7. Hamann, M., Widmer, H., Baroffio, A., Aubry, J.P., Krause, R.M.,
Kaelin, A., Bader, C.R. 1994. Sodium and potassium currents in
freshly isolated and in proliferating human muscle satellite cells.J.
Physiol.475:305–317

8. Hardy, S., Kong, Y., Konieczny, S.F. 1993. Fibroblast growth
factor inhibits MRF4 activity independently of the phosphorylation
status of a conserved threonine residue within the DNA-binding
domain.Mol. Cell. Biol. 13:5943–5956

9. Holland, M., Langton, P.D., Standen, N.B., Boyle, J.P. 1996. Ef-
fects of the BKCa channel activator, NS1619, on rat cerebral artery
smooth muscle.Br. J. Pharmacol.117:119–129

10. Huang, Y., Rane, S.G. 1993. Single channel study of a Ca2+-
activated K+ current associated with ras-induced cell transforma-
tion. J. Physiol.461:601–618

11. Huang, Y., Rane, S.G. 1994. Potassium channel induction by the
Ras/Raf signal transduction cascade.J. Biol. Chem.269:31183–
31189

12. Ishii, T.M., Silvia, C., Hirschberg, B., Bond, C.T., Adelman,
J.P., Maylie, J. 1997. A human intermediate conductance cal-
cium-activated potassium channel.Proc. Natl. Acad. Sci. USA
94:11651–11656

13. Jensen, B.S., Strobaek, D., Christophersen, P., Jorgensen, T.D.,
Hansen, C., Silahtaroglu, A., Olesen, S.P., Ahring, P.K. 1998.
Characterization of the cloned human intermediate-conductance
Ca2+-activated K+ channel.Am. J. Physiol.275:C848–856

14. Joiner, W.J., Wang, L.Y., Tang, M.D., Kaczmarek, L.K. 1997.
hSK4, a member of a novel subfamily of calcium-activated potas-
sium channels.Proc. Natl. Acad. Sci. USA94:11013–11018

15. Knaus, H.G., Eberhart, A., Glossmann, H., Munujos, P., Kaczo-
rowski, G.J., Garcia, M.L. 1994. Pharmacology and structure of
high conductance calcium-activated potassium channels.Cell Sig-
nal. 6:861–870

16. Leonard, R.J., Garcia, M.L., Slaughter, R.S., Reuben, J.P. 1992.
Selective blockers of voltage-gated K+ channels depolarize human
T lymphocytes: mechanism of the antiproliferative effect of
charybdotoxin.Proc. Natl. Acad. Sci. USA89:10094–10098

17. Lewis, R.S., Cahalan, M.D. 1995. Potassium and calcium channels
in lymphocytes.Annu. Rev. Immunol.13:623–653

18. Logsdon, N.J., Kang, J., Togo, J.A., Christian, E.P., Aiyar, J. 1997.
A novel gene, hKCa4, encodes the calcium-activated potassium
channel in human T lymphocytes.J. Biol. Chem.272:32723–
32726

19. Nelson, M.T., Quayle, J.M. 1995. Physiological roles and proper-
ties of potassium channels in arterial smooth muscle.Am. J. Phys-
iol. 268:C799–822

20. Pen˜a, T.L., Rane, S.G. 1997. The small conductance calcium-
activated potassium channel regulates ion channel expression in
C3H10T1/2 cells ectopically expressing the muscle regulatory fac-
tor MRF4.J. Biol. Chem.272:21909–21916

21. Pennington, M.W., Mahnir, V.M., Krafte, D.S., Zaydenberg, I.,
Byrnes, M.E., Khaytin, I., Crowley, K., Kem, W.R. 1996. Identi-

256 T.L. Pen˜a and S.G. Rane: FIK, A Physiologic IK Channel Prototype



fication of three separate binding sites on SHK toxin, a potent
inhibitor of voltage-dependent potassium channels in human T-
lymphocytes and rat brain.Cancer Res.219:696–701

22. Rane, S.G. 1991. A Ca2+-activated K+ current inras-transformed
fibroblasts is absent from nontransformed cells.Am. J. Physiol.
260:C104–112

23. Rane, S.G. 1999. Ion channels as physiological effectors for
growth factor receptor and Ras/ERK signaling pathways.In: Ad-
vances in Second Messenger and Phosphoprotein Research. D.L.
Armstrong and S.S. Rossie, editors. pp. 107–127. Academic Press,
San Diego

24. Rane, S.G. 1999. Potassium channels as targets for modulating cell

growth and differentiation.In: Perspectives in Drug Discovery and
Design. H. Darbon and J.-M. Sabatier, editors. pp. 295–311. Klu-
wer Academic, Netherlands

25. Rhodes, S.J., Konieczny, S.F. 1989. Identification of MRF4: a new
member of the muscle regulatory factor gene family.Genes Dev.
3:2050–2061

26. Tudor, J.E., Pennington, M.W., Norton, R.S. 1998. Ionization be-
havior and solution properties of the potassium-channel blocker
ShK toxin.Eur. J. Biochem.251:133–141

27. Vergara, C., Latorre, R., Marrion, N.V., Adelman, J.P. 1998. Cal-
cium-activated potassium channels.Curr. Opin. Neurobiol.8:321–
329

257T.L. Peña and S.G. Rane: FIK, A Physiologic IK Channel Prototype


