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Abstract. The fibroblast intermediate conductance, cal-intracellular calcium, and exhibit mild inward rectifica-
cium-activated potassium channel (FIK) is proposed hergion, giving single channel conductances ranging fror
as a functional prototype for other IK channels which t010-20 to 30-40 pS at positive and negative potential
date have undefined physiologic actions. FIK pharmarespectively [4, 10, 16, 27]. Pharmacologically, IK
cology in the 10T1/2-MRF4 myogenic fibroblast cell channels have been characterized by their sensitivity
line was determined: to define the relationship of FIK to block by the scorpion toxin peptides, ChTX and IbTX.
other IKs; to confirm a physiologic role for FIK; and, and resistance to block by the bee venom, apamin,
thus develop a hypothesis about IK channel family func-inhibitor of the small conductance (SK) calcium-acti-
tion. Whole cell patch-clamp electrophysiology was vated potassium channels. Native IK channels are e
used to determine §s values for FIK block by the struc-  pressed in nonexcitable, mitogenically active cell type:
turally related peptides charybdotoxin (ChTX) (¥)n including human T-lymphocytes [16, 17], endothelia
and iberiotoxin (IbTX) (536 m), and a new unrelated cejis [1], and a variety of fibroblast cell lines [4, 11, 20,
FIK inhibitor, Stichodactylatoxin (StK) (85 m). Pep-  22_24]. However, based on physiological and pharm:
tide pharmacology for FIK was consistent with that of ¢g|agical evidence, these channels are apparently abs
recently cloned IKs. ChTX and StK inhibited bFGF fom electrically excitable tissues. Recently, it has bee
stimulated 10T1/2-MRF4 cell proliferation with dose- gnown that certain features of native IK channels ar
dependencies consistent with their FIK blocking actions ¢p4req by two IK channels cloned from human pancrs
ChTX, StK, and IbTX also evoked MRFA-dependent e (K1) and lymph node libraries (hKCad) [12, 18].
transcription as measured by muscle acetylcholine "eCeRsimilar to native IK, the cloned IK channels are activate
tor channel functional expression; but they did not eVOkeoy submicromolar’ concentrations of intracellular cal

subsequent multinucleated fiber formation or MYOSINGium, are sensitive to ChTX and IbTX block, insensitive

heavy chain expression, suggesting a role for FIK Mo apamin, and have single channel conductances of 1

early, rather than late, myogenic events. Thus despit(::\L . .
. 15 pS and 33-40 pS at positive and negative voltage
structural differences, ChTX, IbTX, and StK have com respectively [12, 13, 18]. The mMRNA transcripts of the

mon effects on cell growth and differentiation reflecting cloned hIK1 and hKCad channels are expressed in ac

their common FIK blocking action. We suggest that a ; . . N
major function of the IK channel family is to regulate vated T-cells as well as in mitogenically active tissue
cell growth isolated from colon, placenta, and thymus; but, as fc

native IK channels these transcripts are absent from €
Key words: Calcium-activated potassium channel — citable tissues (brain, skeletal muscle, and heart) [1

Cell growth — Myogenesis — MRF4 18]. In contrast to other members of thg-Kchannel
superfamily, including SK and the large conductanc
Introduction (BK) channels, the physiological role of the cloned IK

. ) channels remains undefined.
IK channels are voltage-independent potassium channels s |ap has previously characterized a fibroblast IF

that are activated by submicromolar concentrations OEHK) 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 tha
Correspondence td3.G. Rane FIK, because its conductance (17/35 pS at 60/-60 m\
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was close to that of the well-known neuronal small- Konieczny, Department of Biological Sciences, Purdue University
conductance, calcium-activated potassium channels (SK’YGSt Lafayette, IN). Stock 10T1/2-MRF4 cultures were grown or
ca.14 pS), and because genetic evidence did not exist f#elatin-coated dishes and maintained as described previously [2

distinct IK ch | familv. H b d or electrophysiology cells were seeded onto gelatin-coated 35-ir
a distinc channel family. However, based on our dishes and grown to confluence in basal medium, Eagle/15% FBS, a

present pharmacological results, along with previousnen switched to low glucose DMEM/2% HS with or without 20 ng/ml
physiological data, it is now clear that the fibroblast IK bFGF and channel blockers for 24 hr. For growth experiments cel

channel belongs to the new IK channel class describedere plated at 5 to 10 x f@vell (24 well plates) in low glucose

above. Therefore, we now identify the fibroblast cal- DMEM/2% HS plus bFGF with or without channel blockers. Cells

cium activated potassium channel as FIK rather than SKwere treated and counted daily using a hemocytometer and Trypan b
. . . exclusion was used to insure counts of only viable cells. All culture

toge-:l?ce ;clltfvg?lggnsll I;]gplgzgs?l?é? Is?g:]e;ﬁ’]ognsngﬁwrz;were maintained in a humidified, 5% G@tmosphere at 37°C.

[11, 20, 23, 24]. In addition, ChTX block of FIK inhibits

mitogen-stimulated proliferation, suggesting an impor-IMMUNOCYTOCHEMISTRY

tant role of FIK in cell growth control. We have previ- _ )
Cells were grown as described above (for electrophysiology) for 48 |

ously shown in 10T1/2-MRF4 cells that in the presenceand then rinsed in cold phosphate buffered saline (PBS) it 150

of Ras/ERK activators typified by bFGF, FIK is UPregu- Nacl, 1.9 NaHPO,H,O, and 8.1 NgHPO, pH 7.3. Following the
lated, and MRF4-dependent myogenic gene expression {gashes cells were fixed with a 90% methanol solution for 15 min z
suppressed [8, 20]. 10T1/2-MRF4 is a multipotent, fi- room temperature. Fixed cells were rinsed with PBS and then perm
broblast cell line ectopically overexpressing the muscle-abilized by incubation with 0.1% Triton X-100 in PBS and 5% HS for
specific, basic-helix-loop-helix regulatory transcription 20 mi_n at room temperature. (_Zells were then incubated with the an
factor, MRF4 [25]. Upon bFGF withdrawal, FIK is myosin mouse monoclonal antibody MF-20 for 1-5 hr, and then treate
with a biotinylated anti-mouse 1gG secondary antibody for 45 min

downregulated and the MRF4-dependent myogenic PO%llowed by incubation with Streptavidin, Horse Radish Peroxidas

gram is induced, including the expression of aCetlehO'(HRP). Immune complexes were visualized using a'-8jamino-
line (ACh) receptor channels, a classic index of myo-penzidine (DAB) and 30% O, solution, and photographed under
genic differentiation. Finally, in bFGF stimulated 10T1/ bright field. All antibody incubations were carried out at room tem-
2-MRF4 cells, ChTX block of FIK inhibits proliferation perature, 22-25°C.

and induces MRF4-dependent muscle specific gene ex-

pression identical to mitogen withdrawn cells. Thus, we
have proposed that bFGF suppression of MRF4 induce
myogenesis is dependent on FIK, and that this suppresrhe standard bath solution used for recording whole-cell FIK chann:
sive action of the channel is corollary to its positive and ACh receptor channel currents contained (in)mi38 NaCl, 9
mitogenic function. KCI, 1 MgCl,, 1 CaC}, and 10 HEPES. The patch pipettes solution fo

The presence of IK channel transcripts in mitogeni-i'25 o e SR TEr SR C0CE, s & ppett souto
C.a"y aCt.IVG tIS.SUES, and their absence from termma”ycfontaining (in nm): 150 KCI, 1 MgCl, 10 HEPES, and 0.1 EGTA, and

differentiated tissues, suggests that a general function Glo um free C&* adjusted by addition of Caglwas also used [11, 20].

IK channels may be to regulate mitogenic cell growth, 23187 (Sigma), ChTX, IbTX, Stk (BACHEM Bioscience), and
although this idea has not been directly tested. The FIKNS1619 (Research Biochemicals International) were stored as froz
channel pIays a well demonstrated role in fibroblast cellstocks and aliquots of each were diluted to final concentrations on t
gI’OWth control [11, 20, 23, 24], and therefore could serveday of use. Application o_f compounds tq cells was accomplisheq Y
as the prototype native channel to address the importam%essure ejection of solution from blunt-tipped pipettes. All solution:

fthe cl dIK ch Isi trolli liferati d were at pH 7.3, and experiments were carried out at room temperatu
orthe clone channels in controlling profiteration and 5, ,gec gor immunocytochemistry experiments MF-20 (provided b

transcriptional activation. This study supports the use o, s F. konieczny, Department of Biological Sciences, Purdue Un
FIK as an IK prototype by showing new pharmacologicalversity, west Lafayette, IN), biotinylated anti-mouse 1gG, and streg
evidence that FIK and cloned IK channels are relatedtavidin HRP (Vector Labs) were stored at 4°C. DAB and Triton X-10C
This new pharmacology was also used to further(Sigma) were stored at room temperature.

strengthen the connection between FIK activity and the

regulation of transcription via MRF4. Thfese results g ecTrROPHYSIOLOGY

strongly suggest that other IK channel family members

may function as physiological targets for cell signaling Patch-clamp apparatus, techniques, and cell preparation for recordir

§OLUTIONS AND REAGENTS

events that regulate cell growth and differentiation. were as described previously [20]. Whole-cell FIK currents were me:
sured during voltage steps to 0 mV (from =70 mV), and intracellula
Materials and Methods calcium levels were increased either by extracellular application ¢

A23187 (1m), or by increasing the free calcium concentration in the
patch pipette solution to 1m. Previous studies in 10T1/2-MRF4,

and other fibroblast cell lines, have shown that calcium-activated cu
Experiments were carried out using 10T1/2 cells constitutively over-rents recorded at 0 mV are due entirely to FIK channel activity [10, 11
expressing a rat MRF4 cDNA (10T1/2-MRF4; provided by Dr. S.F. 20, 22]. Whole-cell ACh receptor currents were recorded at =70 mV i

CELL CULTURE AND PREPARATION
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response to extracellular application of 10 ACh. The analogue

compensation circuitry of the patch-clamp amplifier was used to esti- 100 7] @ chTx Ky s=7 "M
mate whole-cell capacitances (expressed in picofarads, pF). Whole- 90
cell currents were normalized to cell capacitance, an indirect measureg 80
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 = 100/[1 +
(Ko.dC), where Ky 5 is the concentration of toxin determined to
achieve half-maximal block, ardis the toxin concentration. A single
binding site was assumed in deriving the curves. All statistical resultste 30
are given as the meansem. Significant differences in current densi- R 204
ties in response to various growth conditions were assessed by a two-  1g
tailed, nonpaired Studenttdest at the 0.05 level. Multipletests were 04
employed and the criticaP value per test was adjusted so that an U T T by

S 0.1 1 10 100 1000 10000
overall error rate of 0.05 was maintained. . .
Peptide concentration (nM)

A SK Ko 5=85 nM
m bTX K0A5=536 nM
60

50
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bFGF + StK (200 nM)
bFGF + StK (1 uM)
bFGF

Results
100

ErFFecTs oFPEPTIDYL TOXINS ON FIK CHANNEL
AcTivITY AND 10T1/2-MRF4 ELL PROLIFERATION

3
PR
ERNCTO

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 201
of FIK to other IK channels; and, to test the hypothesis,
initially formulated using a single dose of ChTX, that o 1
FIK block correlates with inhibition of cell growth.

Whole-cell patch clamp recordings were used to detergig. 1. (a) Dose-response curve for ChTX, IbTX, and StK-inducec
mine the percent FIK current block by peptidyl toxins in FIK channel block in 10T1/2-MRF4 cells, showing percent FIK chan
24 hr bFGF stimulated 10T1/2-MRF4 cells. The effectsnel block as a function of ChTX, IbTX, and StK concentration. Eact
of potassium channel-selective scorpion toxin peptidesf,iata point represents the mean percent current block determined fr
ChTX and IbTX, and the structurally unrelated marine 410 whole-cell experiments. TH&, ; values were derived by fitting
toxin, StK [3, 26] were evaluated in one of two ways: athe Hill equation (assuming a single binding site) to the data for eac

lati d " di hich h | toxin. (B) bFGF stimulated 10T1/2-MRF4 cell proliferation is inhibited
population study was performed in which FIK channe Shy chronic treatment with ChTX, and the new FIK channel blocke

were activated by extracellular application of pim _ StK. Results represent data from two identical experiments perform
A23187, and the FIK current levels were compared within duplicate. Note that for some data columns error bars are too sm

or without toxin in the bath solution; or FIK was acti- to display.
vated by elevating free intracellular calcium (ju®) in
the whole-cell patch pipette, and the amount of current
block was assessed in response to acute toxin applicdbTX-sensitive BK channels. The StK toxin is part of &
tion. There was no measurable difference in FIK curreninew structural class of potassium channel toxins, isolatt
amplitudes measured with either of these two methodsfrom sea anemone, which shares little sequence simile
Therefore currents recorded under both conditions wer@y with other known potassium channel toxins [21].
used to report the percent FIK current block in responsestK, however, was a more potent FIK blocker than IbTX
to ChTX, IbTX, and StK. with a calculatedK, 5 value of 85 m. The full dose-
The full ChTX dose response curve (Figh)lshows response data shown here are in agreement with t
the K, 5 for FIK block (7 rm) is similar to that reported  single peptide dose comparisons for the native BAEC |
for cloned IK channels, 2.5 and 1Qunfor hiKI and  channel, in which the rank order for IK channel toxir
hKCa4, respectively [12, 18], and for a native IK channelsensitivity is ChTX > StkK> IbTX [1].
in bovine aortic endothelial cells (BAEC, 3.34h [1]. ChTX block of FIK inhibits bFGF stimulated 10T1/
Consistent with the pharmacology of both native BAEC 2-MRF4 cell proliferation, so that these cells grow at «
and cloned IK channels, IbTX was a less potent FIKrate similar to mitogen withdrawn cells (2% HS) [20].
blocking agentK, s = 536 nv) than ChTX, despite 70% We asked if StK also inhibits bFGF-stimulated 10T1/2
sequence identity shared by the two toxins [15]. NoneMRF4 cell proliferation. Figure B shows that StK in-
theless, IbTX may be useful in distinguishing the cell hibited bFGF-stimulated 10T1/2-MRF4 proliferation in &
biological effects of FIK from the actions of the more dose-dependent fashion, with greater inhibition observe

Cell number x 104
5 8
" 1 1

Days
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>

pression identical to that seen under mitogen withdraw
[20]. We asked if StK application to bFGF-treated cell:
would also result in ACh receptor channel expressiol
Again, a positive result would suggest that FIK blocl
alone was responsible for Stk or ChTX effects on MRF-
100} mediated transcription. FiguréAZhows that pharmaco-
] logical block of FIK with 1 um StK results in a modest
50 (30.5 £ 10.9 pA/pFn = 39), but significant increase in
| % % ACh receptor channel expression compared to cel
od— L treated with bFGF alone (0.6 £ 0.6 pA/pfr= 14 in 2%
13 6 110 100200 HS + bFGF). The percentage of ACh responsive cel
B Concentration (uM) - (nM) also increases (Fig.B). However, at higher StK con-
T centrations (3 and M), and thus increased (>95%) FIK
channel block, smaller increases in ACh receptor chanr
expression were observed. Inthe presence of 3 and 6
StK, the ACh receptor current densities were 21.1 + 12,
pA/pF (n = 9), and 15.8 + 2.3 pA/pFn( = 7), respec-
tively. In addition to lower ACh channel current densi-
ties, there was also a decrease in the percentage of A
responsive cells (53, 33, and 14% for 1, 3, ancdhv6StK)
L (Fig. 2B). These observations suggested that in additic
136 110 100200 to blocking FIK, StK may also inhibit ACh
receptor channel function. Therefore, we tested for po
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 plv
BpA ITA StK was added to the bath solution at the time of recor
1600 — ing. This acute StK application reduced ACh receptc
channel currents by 75%. After five complete exchange
of the bath solution over the course of an hour, the AC
Fig. 2. (A) bFGF suppression of ACh receptor channel functional ex-currents were re-assayed and remained 60% reduc
gressilor:'is o(\j/etrcofme b)r/] clhroniIT ;rze;]tment witthdFIK 'tt:'han?el b'%‘;kirs-rdative to the control. These data suggest that in adc
e ot e oo o1, 1om 242" ton to blocking FIK, SIK direct inibits ACh feceptor
StK (1, 3, and 6um), IbTX (1 and 10pm), or ChTX (200 m). Ach  channel currents in 10T1/2-MRF4 cells, and reversal ¢
current density for 24 hr mitogen withdrawn (2% HS) cells shown asthis inhibition is prolonged. Therefore, our estimates ¢
positive control. Growth factor and toxins were removed prior to ACh ACh receptor induction in response to chronic StK trea
receptor recordings. All FIK blocker-induced ACh channel densities ment are compromised by acute ACh receptor block &
were significant larger than the density in cells treated with bFGF aloneh o toxin. We estimate the induction of ACh recepto

(seeMethods). B) Percent ACh responsive cells corresponding to the . .
densities reported iA. ACh currents of 10 pA or greater were counted channels due to chronicyim StK treatment should be in

as a responseC] Representative current traces for cumulative data in @ Nigher range (between 76-122 pA/pF) if the acute ir
AandB. hibitory effect of Stk on ACh channels could be negatec

) These densities would coincide with the ACh receptc
at 1 pm (approximately 90% FIK blockys. 200 ™ densities observed for FIK block with 100—20@ n
(approximately 70% FIK block); juv StK was appar-  chTx (Fig. 24). Thus, low ACh current densities (for
ently more effective at inhibiting growth than was 200 gtk vs. ChTX treatment) reflect StK block of ACh re-
nm ChTX. Since both ChTX and StK block FIK and ¢eptor channels, and not a failure of Stk block of FIK tc
inhibit proliferation, yet are structurally unrelated, their oy erride negative regulation of MRF4.
most likely site of antiproliferative.action is FIK and not For bFGF-stimulated 10T1/2-MRF4 cells grown in
some other cellular process required for growth. the presence of IbTX, the levels of ACh receptor chann:
expression more closely mimicked that of ChTX-treate
cells. In bFGF-stimulated cells treated with 1 anduh®
IbTX, ACh receptor current densities (41.7 + 18.2 pA
In bFGF-stimulated 10T1/2-MRF4 cells, ChTX block of pF,n = 4, and 49.8 + 15.3 pA/pH) = 8, respectively)
FIK results in MRF4-driven ACh receptor channel ex- were significantly greater than for bFGF alongeé¢

2004 W vreF

EJ bFGF + StK

150 bFGF + IbTX
bFGF + ChTX
[ 2%Hs

Whole-cell 1, density (pA/pF)
mean+SEM

NNNNNNNNNNNNN ey
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% ACh responsive cells

N
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C bFGF/1 uM StK bFGF/10 uM IbTX 2% HS
100 uM ACh 100 uM ACh 100 uM ACh

StK AND IbTX TREATMENT CONFIRMS A RoLE For FIK
IN CoNTROL OF MRF4-DRIVEN TRANSCRIPTION



T.L. Péra and S.G. Rane: FIK, A Physiologic IK Channel Prototype 253

abovg. Also, at the higher (1@uv) IbTX concentration, EFFeCTs oFNONPEPTIDYL POTASSIUM CHANNEL
thus higher (90-95%) percent FIK current block, the per-MobuLATors oN 10T1/2-MRF4 GLL FIK CURRENT
centage of ACh responsive cells was nearly identical toano GRoOwTH

the percentage of responsive cells grown in bFGF + 20 . A .
nm ChTX or 2% HS (Fig. B). These data indicate that 0I'he identification of _comp_OL_mo!s that activate FIK, anc
thus could augment its activity in the presence of bFGI

>90% FIK current block is required to completely over- L
ride bFGF suppression of ACh receptor channel expresWOUId serve as useful tools fqr potentiating the effects
sion, i.e., evoke maximal ACh receptor channel expres!:IK on cell growth. NS1619 is a benzimidazolone com

sion equivalent to mitogen withdrawn cells. Also, that pound that was originally characterized as a maxj, K

bFGF induced negative regulation of MRF4 and thuschannel activator [6, 9]. It was investigated with the ain
?f identifying a FIK activator. Instead, external applica:

suppression O-f M.RF4—depend(.ant ACh receptor channetlon of 50m NS1619 caused an immediate, nearly corr
gene expression is a FIK mediated event plete block of whole-cell FIK currents in 10T1/2-MRF4
cells (Fig. 40). The effect of NS1619 on peak whole-cell

FIK CHANNEL BLock FaILs TO OVERCOME FIK current amplitude was fully reversible. During the
bFGF-NDUCED SUPPRESSION OAMYOSIN HEAVY -CHAIN course of our experiments it was reported that 100

EXPRESSION AND MULTINUCLEATED MUSCLE NS1619 maXimally inhibited native BAEC IK channel
FIBER FORMATION activity [1], thus the pharmacology of FIK and the BAEC

IK channel remain consistent. Figur® 4hows that 50
ghM NS1619 inhibits cell proliferation in bFGF stimu-
lated 10T1/2-MRF4 cells as effectively as 200 GhTX.
These data present further evidence for the role of FIK :

Mitogen withdrawal from 10T1/2-MRF4 cells decrease
FIK channel levels coincident with MRF4-dependent
muscle gene activation and myogenic differentiation, in—a positive regulator of mitogenesis
cluding ultimately the fusion of uninucleated myoblasts . : .

into multinucleated myotubes [8, 20, 25]. The ability of Chronic NS.1619 treatment of bFGF-stimulated cell
ChTX, IbTX, and StK to evoke increases in ACh recep- _completely abolished FIK Cha””?' currents. Cells grow
tor channel expression supports the role of FIK as n the presence of bFGF with either 25, 50, or 100

regulator of MRF4-dependent gene transcription. We S1619 (24 or 48 hr), failed to show A23187 evokex
also tested whether FIK block with ChTX, IbTX, or FIK currents data not shqw)1_ AI.SO’ we did not observe_
Stk would evoke MRF4-dependent MHC ’expreésionACh receptor currents, indicating that the NS1619 in
and muscle fiber formation. 10T1/2-MRF4 cells were duced loss of FIK channel activity failed to override
switched to mitogen-withdrawn (2% HS) or mitogen- bFGF suppression of MRF4-dependent ACh repept(
stimulated (2% HS + bFGF with or without FIK blocker channel expressionigta not showh Further, fully di-

present) growth conditions for 48 hr, and then assaye(gerentiated 10T1/2-MRF4 cells showed a decline in AC!

; : tor current density upon chronic exposure t
for the presence of MHC (Fig. 3). In all cases myosmrecep )
staining was compared to that of mitogen-withdrawnNSlGlg' The mean ACh channel current density of

(2% HS) cells, for which MHC staining level was set to served in 48 hr mitogen withdrawn (2% HS) c_ells (142..
a value of 100. Although ChTX induces ACh receptorir 40.7 pApF,n = 22) decreased in proportion to the
expression in bFGF-treated cells, it failed to induceIength of the NS1619 exposure. Folloyvmg S hr 2

MHC expression or multinucleated muscle fiber forma—NSo1619 exposure ACh current density decreaseq |
tion. Stk and IbTX were similarly ineffectivedata not >/ 20 (61.7 +18.2 pAlpF = 6), and the current denS|ty0
shown. Mitogen-withdrawn cells treated with chTx Of 12 v 25um NS1619-treated cells decreased by 876

showed normal multinucleated muscle fiber formationf\llé)il(sia?‘8 PA/PEN = 7). TheseArgrs]ultr? SUQ?eSt thal
and MHC expression, therefore, ChTX does not directly L9 may S”ﬁpf‘?ss ongombg 1 channe ?ege €
interfere with morphological differentiation. These re- pression, or synthesis or membrane insertion of chanr

tein in already differentiated cells. They also indicat
sults suggest that although ChTX or StK block of FIK pro ;
activates MRF4-dependent ACh receptor channel exEhat chronic NS1619 treatment may have suppressed F

pression, the effects of these toxins on muscle—specific‘fhannel expression 1n bFGF-treatqu cells. To furthe
screen for potential FIK channel activators, the effect

gene expression are limited to the activation of early n (ass] h | | kal
myogenic genes, and thus myogenic events that preceog other potassium channel openers, namely cromaxal

morphological differentiation. The expression of MHC, aZOXi??h and minoxidilé Werﬁ.be_ltlsg inves?ifga{ed [123
coupled to muscle fiber formation, represent late eventé\lr?ne OI ese fon_:_pcl);lm S exnhibited any efiects on
of skeletal myogenesis. The failure of FIK block (by channel currents (Table).
ChTX and StK) to evoke these events, suggests that thB. .
. > iscussion
FIK channel is necessary but not sufficient to regulate
the transition from proliferating myoblasts to terminally This study has defined the pharmacology of the fibrc
differentiated skeletal muscle fibers. blast IK channel, FIK, demonstrated that its pharmact
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Fig. 3. Chronic ChTX treatment of mitogenically stimulated 10T1/2-MRF4 cells fails to induce myosin heavy chain expression and morphol
differentiation. Immunocytochemistry of 48 hr mitogen withdrawn (2% HS) or bFGF-stimulated cells, with or without ChTX1208ennumber
of myosin positive cells were averaged from six randomly chosen microscopic fields. Cells were photographed under bright-field at 100x

logical profile is shared by other IK channels, and showncharacterized members of the potassium channel sup
that FIK functions as an important regulator of eventsfamily, including BK and SK channels. BK and SK
that govern cell growth, and differentiation in 10T1/2- channels are widely distributed in excitable tissue, ar
MRF4 cells. We have identified new inhibitors of FIK their activation has been linked to control of neurone
and have shown that these agents also inhibit proliferaexcitability, smooth muscle tone, and spike frequenc
tion, and induce MRF4-dependent ACh receptor channehdaptation [19, 27]. IK channels are apparently abse
expression. These results support a biological role ofrom excitable tissue based on physiological and expre
FIK in mitogen-stimulated proliferation and transcrip- sion studies, but are present in mitogenically active cel
tional regulation. It is proposed that FIK’s role in con- including T-lymphocytes [16, 17], and mitogen-
trolling cell growth can serve as a model for understand-stimulated fibroblasts [4, 11, 20], where their activity ha
ing the function of the IK channel family, and its selec- been correlated with positive proliferative control [23
tive occurrence in mitogenically active tissues. 24). Transcripts of the cloned IK channels, hIK1 anc

The unique pharmacological and cell biological pro- hKCa4, are widely expressed in a variety of mitogeni
file of FIK sets this channel apart from other well- cally active tissues, including hematopoietic cells [12, 1¢
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A 5004 S0WMNS1619 * g0 family of channel toxins with a primary amino acid se-
—_ {e00? ." quence unrelated to that of the scorpion toxin peptide
f’é 400 b ChTX and IbTX. Residues Lys22 and Tyr23 in StK are
8 1 ] essential for its binding to potassium channels [21, 26
2 300+ ® These amino acid residues are similar to Lys27 ar
g 1 * .' Tyr36 of ChTX in that they are important for channel
S 2004 o recovery binding. This suggests that Stk may block FIK by in-
o 1 ° U teracting with a site on the channel similar to the ChT>
§ 100 .. 5000 binding site. IbTX, a member of the scorpion family of
o 0_' .o.:..0° 20 mesc r potassium channel toxins, shares a high (70%) sequer

I N S I I identity with ChTX but is a less potent IK blocker. This

lower potency of IbTX is shared by other IK channe

Time (sec) types, including IK channels from T-lymphocytes anc
B 10, W bFGF BAEC [1, 16]. IbTX blocks BK channels, at a concen-
< so; [0 bFGF +NS1619 (50 uM) tration well below its effective ranges. IK [2]. There-
= FA bEGF+ChTX (200 nM) fore, IbTX can be used to unambiguously separate tl
X 6o physiological actions of BK channels from those of FIK
2 | These data confirm a peptide pharmacology for FIK thg
E 204 is shared by other IK channel types, but is clearly distinc
= | from BK and SK channel families. More importantly, by
8 20 analogy to FIK, the cloned IK and other native IK chan:
Ki nels may prove to have a similar physiological role als
0 Z distinct from the other calcium-activated potassiun

2 Days 3 channel types.

_ _ _ This more complete FIK pharmacological profile
Fig. 4. (A) Scatter plot showing NS1619 reduction of peak whole-cell was used to extend earlier work. which showed th:
FIK current gmp!itude. FIK cunfrent was activat_ed by inclusion of 10 ChTX block of EIK inhibits mitogen' stimulated 10T1/2-
wm free calcium in the patch pipettdnée) Asterisks denote the rep- . . o - . .
resentative FIK current tracesB)(Growth experiment showing inhi- MRF4 proliferation, coincident with the rapid induction
bition of bFGF-stimulated 10T1/2-MRF4 proliferation by 50v of ACh receptor channel expression via the muscle reg
NS1619. Results represent data from two identical experiments per}atory transcription factor, MRF4 [20]_ From these ini-
formed in duplicate. tial data it was concluded that FIK positively regulate:
mitogenesis, and suppresses MRF4 dependent transc
tion of muscle specific genes. A calcium-activated pc
tassium conductance has also been correlated w
Compound Concentration % FIK current block n proliferative stimulation and myogenic suppression i
muscle satellite cells, which act as an in vivo reserve

Table. Pharmacology of the FIK channel

I‘;'g(x 1fg " :gg ? myocyte precursors [7]. The finding reported here th

Stk 1 " ChTX, StK and IbTX block of FIK promotes the expres-
M >90 12 g . .

Cromakalin 100uMm N.E. 3 sion of ACh receptor channels, but fails to induce muscl

Diazoxide 100um N.E. 8 fiber formation or myosin heavy chain (MHC) expres:-

Minoxidil 30 pm, 60 um N.E. 8,3  sion, suggests for the first time that ion channel activit

NS1619 25um, S0pm - 80, 96 4,4 may regulate expression of early myogenic genes. Fu

ther, these results suggest there is a definitive breakpo
in the physiological control of earlys. late, myogenic
events. Additional analysis of this system may help elt
18]. Furthermore, the cloned IK channels have a phareidate the control mechanisms for early myogenic ger
macology and electrophysiology very similar to that re-expression, specifically for muscle ion channel genes.
ported here for FIK. The identification of FIK channel activators would
Like FIK, heterologously expressed IK channels areprovide a means, independent of mitogenic stimuli, b
blocked by ChTX with &, 5 in the low v range (2.5 which to increase FIK channel activity and thus stimulat
and 10 m) [12, 18]. We found that whole-cell FIK cur- cell growth. A panel of potassium channel activator
rents are sensitive to StK block, and that IbTX is a lesstested here failed to enhance FIK channel activity
potent FIK blocker. These results are comparable to théndeed one, NS1619, unexpectedly blocked FIK chann
pharmacology reported for the BAEC IK channel iden- currents and inhibited mitogen-stimulated cell prolifera
tified by Cai et al. [1]. The StK toxin is part of a new tion. Chronic NS1619 application, however, completel

N.E. indicates no block or potentiation of FIK current.
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abolished the expression of FIK and ACh channel cur- 4.
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 6.
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 proy.
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 g
channels, suggests that FIK and these channel types are
very closely related. This view has implications for fu-

8.

ture investigations into the physiological roles of the 10.

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 12.

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 perturt}s'

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- 14.

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 chant®

nel family.
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