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Abstract Ibanonate sodium (Iban), a nitrogen-containing

bisphosphonate, is recognized to reduce skeletal compli-

cations through an inhibition of osteoclast-mediated bone

resorption. However, how this drug interacts with ion

channels in osteoclasts and creates anti-osteoclastic activity

remains largely unclear. In this study, we investigated the

possible effects of Iban and other related compounds on

ionic currents in the osteoclast precursor RAW 264.7 cells.

Iban suppressed the amplitude of whole-cell K? currents

(IK) in a concentration-dependent manner with an IC50

value of 28.9 lM. The IK amplitude was sensitive to block

by TRAM-34 and Iban-mediated inhibition of IK was

reversed by further addition of DCEBIO, an activator of

intermediate-conductance Ca2?-activated K? (IKCa) chan-

nels. Intracellular dialysis with Iban diminished IK ampli-

tude and further addition of ionomycin reversed its

inhibition. In 17b-estradiol-treated cells, Iban-mediated

inhibition of IK remained effective. In cell-attached current

recordings, Iban applied to bath did not modify single-

channel conductance of IKCa channels; however, it did

reduce channel activity. Iban-induced inhibition of IKCa

channels was voltage-dependent. As IKCa-channel activity

was suppressed by KN-93, subsequent addition of Iban did

not further decrease the channel open probability. Iban

could not exert any effect on inwardly rectifying K? cur-

rent in RAW 264.7 cells. Under current-clamp recordings,

Iban depolarized the membrane of RAW 264.7 cells and

DCEBIO reversed Iban-induced depolarization. Iban also

suppressed lipopolysaccharide-stimulated migration of

RAW 264.7 cells in a concentration-dependent manner.

Therefore, the inhibition by Iban of IKCa channels would

be an important mechanism underlying its actions on the

functional activity of osteoclasts occurring in vivo.
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Introduction

Biphosphonates are stable analogs of pyrophosphates with

a complex effect on the bone metabolism. Ibandronate

(Iban), a commonly used bisphosphonate, has been

approved for the treatment of postmenopausal osteoporosis

characterized by a high rate of bone resorption and is

associated with significant and sustained reduction in risk

of vertebral and non-vertebral fractures (Fisher et al. 2013;

Gallagher and Tella 2013; Mosekilde et al. 2013). It has

been previously reported that Iban-mediated osteonecrosis

could be connected with the activity of osteoclasts or

macrophages (Pazianas 2010). Several reports have dem-

onstrated that this drug can target osteoclasts in the bone

microenvironment, thereby inhibiting cellular ability to

resorb bone (Fisher et al. 2013; Marathe et al. 2011; Zhang

et al. 2013). The inhibitory effect on osteoclasts arises from

a mechanism through their inhibition of the farnesyl

pyrophosphate synthase, which may lead to an increased
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bone density (Ebetino et al. 2011; Fisher et al. 2013;

Pazianas 2010; Prokopenko et al. 2014). Alternatively, the

activity of membrane ion channels has been notably pro-

posed to be the essential targets for different anti-resorptive

drugs including bisphosphonates, (Jones and Birchard

2014; Komarova et al. 2001; Shao et al. 2005; Valverde

et al. 2005). However, the ionic mechanisms of Iban action

in osteoclasts are still incompletely understood.

The intermediate-conductance Ca2?-activated K?

(IKCa) channels (also known as KCa3.1, SK4, IKCa1, or

KCNN4) are encoded by the KCNN4 gene. They have

been studied in many non-excitable or neoplastic cells with

the regard to their mechanisms linked to hormonal secre-

tion, cell motility, cell proliferation, and regulation of Ca2?

influx and/or K? efflux (Begenisich et al. 2004; Diaz et al.

2014; Jensen et al. 2001; Liu et al. 1998; Jones and Bir-

chard 2014; Kaushal et al. 2007; Lallet-Daher et al. 2009;

McFerrin et al. 2012; Ohya et al. 2011; Shen et al. 2007;

Valverde et al. 2005; Wulff et al. 2007). These channels

have single-channel conductance of 20–60 pS and their

pharmacological profile of IKCa channels is quite distin-

guishable from those of large- or small-conductance Ca2?-

activated K? channels (Begenisich et al. 2004; Espinosa

et al. 2002; Jensen et al. 2001; Shen et al. 2007; Wulff et al.

2007). The modulators of IKCa channels represent a

potentially therapeutic approach to a variety of pathologi-

cal states including osteoporosis (Grössinger et al. 2014;

Komarova et al. 2001; Ohya et al. 2011; Toyama et al.

2008; Valverde et al. 2005).

The RAW 264.7 cells, which belong to an Abelson

leukemia virus transformed cell line, have been known to

act as osteoclast progenitors as they can differentiate into

osteoclasts in response to either lipopolysaccharide (LPS)

or receptor activation of nuclear factor jB ligand (Islam

et al. 2007; Wang et al. 2012). They are recognized as a

suitable model for investigations of the functional activities

in osteoclasts. Earlier reports have described the electrical

properties of these cells (Espinosa et al. 2002; Jones and

Birchard 2014; Komarova et al. 2001; Tsai et al. 2013).

However, whether Iban and other related compounds can

interact with ion channels to perturb ionic currents, mem-

brane potential and cell behavior of these cells are still not

fully studied.

Therefore, in this study, we sought to investigate whe-

ther Iban exerts any effects on ion channels, particularly on

IKCa channels, in RAW 264.7 osteoclast progenitor cells

and to address the issue of how this drug influences any

effects on membrane potential and cell migration. It is

possible from our results that the perturbation by Iban of

IKCa channels are important mechanisms through the

ability of this drug and its structurally related compounds

to interfere with the resorptive activity of osteoclasts, if

similar findings occur in vivo. The data also raise the

possibility of its effects on other types of cells that clearly

express KCa3.1 channels (Begenisich et al. 2004; Diaz et al.

2014; Kaushal et al. 2007; Lallet-Daher et al. 2009;

McFerrin et al. 2012; Ohya et al. 2011; Toyama et al.

2008).

Materials and Methods

Drugs and Solutions

Ibandronate sodium (Iban; C9H22NO7P2Na�H2O; Bonviva�)

was obtained from Hoffmann-La Roche Ltd. (Basel, Swit-

zerland). Clotrimazole, DCEBIO (5,6-dichloro-1-ethyl-1,

3-dihydro-2H-benzimidazol-2-one), KN-93 (N-[2-[[[3-(4-

chlorophenyl)-2-propenyl]methylamino]methyl]phenyl]-N-

(2-hydroxyethyl)-4-methoxybenzenesulphonamide), and

TRAM-34 (1-((2-chlorophenyl) (diphenyl)methyl)-1H-

pyrazole) were purchased from Tocris Cookson Ltd.

(Bristol, UK), and apamin, 17b-estradiol, iberiotoxin, ion-

omycin, and lipopolysaccharide (LPS) were from Sigma-

Aldrich Inc. (St. Louis, MO). Chlorotoxin and margatoxin

were kindly provided by Dr. Woei-Jer Chuang (Department

of Biochemistry, National Cheng Kung University Medical

College, Tainan City, Taiwan). All culture media, fetal

bovine serum (FBS), L-glutamine, trypsin, and penicillin–

streptomycin were obtained from Invitrogen (Carlsbad,

CA). All other chemicals including MgCl2 and BaCl2 were

commercially available and of reagent grade. Deionized

water used in all experiments was made from a Milli-Q

water purification system (Millipore, Bedford, MA).

The composition of bathing solution (i.e., normal Ty-

rode’s solution) was 136.5 mM NaCl, 5.4 mM KCl,

1.8 mM CaCl2, 0.53 mM MgCl2, 5.5 mM glucose, and

5.5 mM HEPES–NaOH buffer, pH 7.4. To measure K?

currents or membrane potential, the patch pipette was filled

with a solution consisting of 130 mM K-aspartate, 20 mM

KCl, 1 mM KH2PO4, 1 mM MgCl2, 3 mM Na2ATP,

0.1 mM Na2GTP, 0.1 mM EGTA, and 5 mM HEPES–

KOH buffer, pH 7.2. To avoid the contamination of Cl-

currents, Cl- ions inside the pipette solution were replaced

with aspartate. For the recordings of intermediate-con-

ductance Ca2?-activated K? (IKCa) channels, the pipette

solution contained 145 mM KCl, 2 mM MgCl2, and 5 mM

HEPES–KOH, pH 7.2. In another set of whole-cell

recordings, the recording pipette was filled with a solution

containing 10 lM Iban. The pipette solution was com-

monly filtered on the day of use with a 0.22 lM pore size

syringe filter (Millipore).
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Cell Preparations

RAW 264.7 cell line, an osteoclast progenitor, was

obtained from the American Type Culture Collection (TIB-

71; Manassas, VA). They were routinely grown in phenol

red-free Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10 % heat-inactivated FBS, 100 U/ml

penicillin, and 10 lg/ml streptomycin. Cells were main-

tained in a 95 % air and 5 % CO2 humidified atmosphere at

37 �C (Tsai et al. 2013; Wang et al. 2012). For subcul-

turing, cells were trypsin-dissociated and passaged every

2–3 days. In some set of experiments, cells were treated

with 1 lM 17b-estradiol for 12 h. Cell viability was

evaluated using a WST-1 assay and an ELISA reader

(Dynatech, Chantilly, VA).

RNA Isolation and Reverse Transcriptase-Polymerase

Chain Reaction (RT-PCR)

To detect the expression of KCNN4 (KCa3.1) channel

mRNA in RAW 264.7 cells, a semi-quantitative RT-PCR

assay was performed. Total RNA samples were extracted

from cells according to TRIzol reagent protocol (Invitro-

gen) and reverse transcribed into complementary DNA

using Superscript II reverse transcriptase (Invitrogen). The

sequences of forward and reverse primers for KCNN4 were

as follows: KCNN4-f, 50-ACC TTT CAG ACA CAC TTT

GG-30; and KCNN4-r, 50-TCT CTG CCT TGT TAA ACT

CC-30. The PCR cycling conditions were 35 cycles of

95 �C for 2 min, 95 �C for 20 s, 60 �C for 20 s, and 72 �C

for 10 min. The PCR products were made on 1.5 % (w/v)

agarose gel containing ethidium bromide and then visual-

ized under ultraviolet trans-illumination. Optical densities

of DNA bands were scanned and quantified by AlphaIm-

ager 2200 (ProteinSimple; Santa Clara, CA).

Migration Assay

Chemotactic migration ability of RAW 264.7 cells was

analyzed by a 64-well Boyden chamber (AP48; Neuro Prob

Inc., Gaithersburg, MD). Cells were cultured in serum-free

medium for 12 h. Thereafter, 1 9 107 cells/well were

suspended in serum-free DMEM with indicated drugs and

placed into the upper chamber of Boyden chamber with a

polycarbonate filter (8 lM pore size; GE osmonics lab-

store, MN). The lower chamber was filled with a medium

containing 10 % FBS (as a chemoattractant) and indicated

drugs. The indicated drugs loaded into both the upper and

lower chambers are LPS, EGTA or Iban. After being

incubated for indicated times, cells in the upper chamber

were cleaned off with a cotton swab. The cells present on

the lower surface of the filters were fixed with methanol for

10 min. Filters were stained with hematoxylin (Vector

Laboratories, CA) for 30 min. Subsequently, the nuclei

stained in brown color cells in three different fields of each

well were imaged at 209, counted and averaged as a

representative number of migrated cells per field.

Electrophysiological Measurements

Shortly before the experiments, the RAW 264.7 cells at

confluence were dissociated with 0.25 % trypsin in 0.02 %

EDTA, and a small aliquot of cell suspension was trans-

ferred to a recording chamber mounted on the stage of an

inverted CKX-41 microscope (Olympus, Tokyo, Japan).

The microscope was coupled to a video camera system

with magnification up to 1,5009 in order to monitor cell

size during the experiments. Cells were immersed at room

temperature (20–25 �C) in normal Tyrode’s solution which

contained 1.8 mM CaCl2. The patch pipettes were made of

Kimax-51 capillary tubes (Kimble, Vineland, NJ) using a

PP-830 puller (Narishige, Tokyo, Japan) or a P-97 Flam-

ing/Brown electrode puller (Sutter, Novato, CA). Their tips

were fire-polished with an MF-83 microforge (Narishige),

and the resistances ranged between 3 and 5 MX when

pipettes were filled with different intracellular solutions

described above. The signals recorded in cell-attached,

inside-out, or whole-cell mode were measured by standard

patch-clamp technique by means of an RK-400 (Bio-Logic,

Claix, France) or an Axopatch 1D patch-clamp amplifier

(Molecular Devices, Sunnyvale, CA) (Shen et al. 2007; Wu

et al. 2011). The offset potential between the pipette and

bath solution was compensated with amplifier after the

pipette entered the bath but immediately before a seal was

made. Tested agents were applied by perfusion or added to

the bath to obtain the final concentrations indicated.

Data Recordings and Analyses

The data were stored in a TravelMate-6253 laptop com-

puter (Acer, Taipei, Taiwan) at 10 kHz through Digidata-

1440A interface (Molecular Devices) which was controlled

by pCLAMP 10.2 software (Molecular Devices). Current

signals were low-pass filtered at 3 kHz. The voltage-step

profiles with rectangular or ramp pulses created from

pCLAMP 10.2 were employed to determine the current–

voltage (I–V) relations for ion currents in RAW 264.7 cells.

Some signals digitally stored through a wired USB or a

wireless Bluetooth (He et al. 2013) were subsequently

analyzed using different tools including pCLAMP 10.2,

LabChart 7.0 program (AD Instruments; Gerin, Tainan,

Taiwan) (Shin et al. 2011), Origin 8.0 (OriginLab, North-

ampton, MA), and custom-made macro-procedure embed-

ded in Excel 2013 under Windows 7 (Microsoft, Redmond,

WA).
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To calculate concentration-dependent inhibition of Iban

on the amplitude of IK, each cell was held at -50 mV and

the depolarizing pulses to ?50 mV were applied. Current

amplitudes at the level of ?50 mV were measured during

cell exposure to different concentrations (3 lM–1 mM),

and they were compared with those measured after sub-

sequent addition of TRAM-34 (3 lM). TRAM-34 is known

to be a selective blocker of IKCa channels (Jensen et al.

2001; Wulff et al. 2000). The concentration required to

suppress 50 % of IK amplitude was then determined by

means of a Hill function:

Percentageinhibition ¼ Emax � ½C�nH

ICnH

50 þ ½C�
nH
;

where [C] is the Iban concentration, IC50 and nH are the

concentration required for a 50 % inhibition and the Hill

coefficient, respectively, and Emax is the maximal decrease

in current amplitude (i.e., TRAM-34-sensitive current)

caused by Iban.

With the aid of Chem3D and ChemDraw programs

embedded in ChemBiol3D Ultra version 14 (PerkinElmer;

Waltham, MA), the different parameters for Iban/Na and

Iban/Ca complexes involved in regulation of IKCa chan-

nels, such as torsion energy, 1,-4-Van der Waals force, and

bend, stretch and stretch-bend energies, were calculated

(So et al. 2011).

Single-Channel Analyses

The amplitudes of single IKCa-channel currents were ana-

lyzed using pCLAMP 10.2. Multi-gaussian adjustments of

the amplitude distributions among channels were created to

determine unitary currents (Kemmer and Keller 2010). The

functional independence among channels was commonly

validated by comparing the observed stationary probabilities

with the values calculated according to binominal law. The

number of active channels in the patch was evaluated at the

end of each experiments and then used to normalize the

channel open probability at each potential. The probabilities

of IKCa-channel openings were estimated using an iterative

process to minimize the v2 calculated with a sufficiently large

number of independent observations. The single-channel

conductance of IKCa channels with or without addition of

Iban was estimated by a linear regression using mean unitary

amplitudes measured at different levels of voltage.

To evaluate the voltage dependence of the inhibitory

effect of Iban on the activity of IKCa channels, the ramp

pulses from -120 to ?100 mV with a duration of 2 s were

repetitively applied. The activation curve was calculated by

averaging current traces evoked in response to 20 ramp

pulses and subsequently by dividing each point of the mean

current by single-channel amplitude for given voltage after

the leakage currents were corrected. In the absence and

presence of Iban, the probability of IKCa-channel openings

measured at different membrane potentials was evaluated

and then fit by the Woodhull equation (Clark et al. 1995;

Dunn 1998). That is,

NP

NP0

¼ 1þ B

K0 exp FdV
RT

� � ;

where NP0 is the channel open probability in the

absence of Iban at given membrane potential, K0 is the

equilibrium constant at 0 mV, B is the blocker (i.e., Iban)

concentration, V is the membrane potential in mV, F is

Faraday’s constant, R is the universal gas constant, T is the

absolute temperature, and d is the fraction of the membrane

voltage sensed at the binding site (i.e., the effective valence

for a monovalent blocker).

Statistical Analyses

The averaged results are presented as the mean val-

ues ± standard error of the mean (SEM) with sample sizes

(n) indicating the cell number from which the data were

taken, and the error bars shown in each figure are plotted as

SEM. The paired or unpaired Student’s t tests were used for

the statistical analyses. Assuming that the statistical dif-

ference among different groups was necessarily evaluated,

analyses of variance with Duncan’s multiple-range test for

multiple comparisons were further implemented. The

confidence assessment of best-fit parameter values (e.g.,

IC50) was made (Kemmer and Keller 2010). Statistical

analyses were generally performed using SPSS 17.0 (SPSS

Inc., Chicago, IL). Statistical significance was determined

at a P value of \0.05.

Results

The mRNA Expression for KCNN4 (KCa3.1) in RAW

264.7 Cells

As the IKCa channels are products of KCNN4 gene, we first

examined the expression level of KCNN4 mRNAs on

RAW 264.7 cells. The mRNA expression of KCNN4 was

performed by use of a semi-quantitative RT-PCR assay. As

shown in Fig. 1, our RT-PCR analysis presented the

mRNA of KCNN4 in RAW 264.7 cells. Therefore, under

our experimental conditions, the expression of KCNN4-

encoded channels inherently in these cells can be detected

and is not lost in culture.
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Inhibitory Effect of Iban on Voltage-Gated K? Current

(IK) Measured from RAW 264.7 Cells

In the initial set of electrophysiological experiments, we

evaluated the effect of Iban on IK in these cells under the

whole-cell configuration described under Materials and

Methods. As RAW 264.7 cells were immersed in normal

Tyrode’s solution containing 1.8 mM CaCl2, the IK in

response to a 1-sec ramp pulse from -100 to ?50 mV

could be readily elicited. After the cells were exposed to

Iban, the amplitude of IK evoked by the 1-sec long ramp

pulse became progressively decreased (Fig. 2). For exam-

ple, at the level of ?50 mV, ARE at a concentration of

10 lM reduced IK amplitude by 50 ± 4 % from 205 ± 26

to 102 ± 19 pA (n = 9, P \ 0.05). After washout of ARE,

current amplitude at the same level returned to

185 ± 28 pA (n = 7). However, neither chlorotoxin

(1 lM) nor margatoxin (1 lM) could significantly suppress

IK in these cells. Chlorotoxin, a scorpion toxin, is reported

to block Cl- channels and margatoxin can suppress KV1.3-

encoded current.

The relationship between the Iban concentration and the

percentage inhibition of IK was derived and thereafter

constructed. In these experiments, each cell was held at

-50 mV, the ramp pulses from -100 to ?50 mV with a

duration of 1 s were applied, and current amplitudes at

?50 mV in the absence and presence of different con-

centrations of Iban were measured. As illustrated in

Fig. 2b, Iban (3 lM–1 mM) suppressed IK amplitude in a

concentration-dependent manner. With the use of a non-

linear least-squares fit to the data, the IC50 value required

for the inhibitory effect of Iban on IK in RAW 264.7 cells

was calculated to be 28.9 lM, and this drug at a concen-

tration of 1 mM nearly abolished current amplitude. In the

SSR plot shown in inset of Fig. 2b, a horizontal line at

SSR = 9.3 %2 was also made to determine the two IC50

values (Kemmer and Keller 2010). For a 95 % confidence

interval, the lower and upper values amounted to 27.01 and

30.98 lM, respectively. Because of a steep slope on both

sides of the minimum, the IC50 value was determined with

a high confidence. Thus, our results strongly indicate that

Iban can exert a depressant action on the amplitude of IK in

these cells.

Comparison Among the Effects of Iban, TRAM-34,

DCEBIO, and Iban plus Ionomycin on IK

We next sought to determine the effects of Iban and other

related compounds on the amplitude of IK in RAW 264.7

cells. As depicted in Fig. 3, when cells were exposed to

Fig. 1 The expression of KCNN4 (KCa3.1) mRNAs isolated from

RAW 264.7 cells. Total RNA was isolated and RT-PCR analysis was

carried out. Amplified RT-PCR products were obtained for a marker

lane of DNA molecular size (leftmost lane), and for b-actin and

KCNN4 in RAW 264.7 cells. The target sequence for KCNN4 was

described under ‘‘Materials and Methods’’ section. Note that mRNA

expression of KCNN4 was clearly detected in RAW 264.7 cells

B

A

Fig. 2 Effect of Iban on voltage-gated K? current (IK) in RAW 264.7

cells. In these experiments, a holding potential was set at -50 mV

and the long lasting ramp pulses from -100 to ?50 mV with a

duration of 1 s were applied at a rate of 0.05 Hz to the cell examined.

a Original current traces obtained with or without addition of Iban (3

and 10 lM). b Concentration response curve for Iban-induced

inhibition of IK (mean ± SEM; n = 8–12 for each point). The IK

amplitude at the level of ?50 mV obtained with or without addition

of difference concentrations of Iban was measured during these

experiments. The smooth line represents the best fit of data to the

sigmoidal Hill equation described under Materials and Methods. The

values for IC50, maximally inhibited percentage of IK, and Hill

coefficient were 28.9 lM, 99 %, and 1.1, respectively. The inset in

(b) shows confidence assessment of best-fit parameter values. The

parameter range corresponds to the approximate 95 % confidence

intervals. Vertical gray line marks the IC50 value at which the sum of

squared residuals (SSR) amounts to 1.392 %2
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TRAM-34 (1 lM), IK amplitude at ?50 mV was dimin-

ished by approximately 85 %. Addition of DCEBIO

(10 lM) was found to increase current amplitude measured

at the same level of voltage significantly. TRAM-34 was

reported to be a potent inhibitor of IKCa channels, while

DCEBIO can increase the activity of IKCa channels (Wulff

et al. 2000, 2007). Moreover, in continued presence of Iban

(10 lM), subsequent application of ionomycin (10 lM), a

Ca2? ionophore (Wu et al. 2011), was able to effectively

reverse Iban-mediated inhibition of IK in these cells. Nei-

ther iberiotoxin (200 nM) nor apamin (200 nM) produced

inhibitory effects on IK in RAW 264.7 cells. The results led

us to suggest that Iban can interact largely with IKCa

channels to suppress the amplitude of IK.

Inhibitory Effect of IK Caused by Loading the Cell

via the Patch Pipette with Iban

In attempts to determine whether the effect on IK inhibited

by Iban acts through intracellular surface, additional

experiments were conducted in the cells that were loaded

with Iban by including the compound (10 lM) in the filling

solution of the recording pipette. Time course in the change

of current amplitude measured at the end of each depo-

larizing pulse was derived and plotted. Intracellular dialysis

with Iban (10 lM) significantly decreased IK amplitude at

the level of ?30 mV from 109 ± 13 to 19 ± 5 pA (n = 9,

P \ 0.05). Moreover, during intracellular dialysis of Iban

(10 lM), subsequent addition of ionomycin (10 lM) to the

cell reversed Iban-mediated inhibition of IK, as evidenced

by significant increase of current amplitude to 73 ± 16 pA

(n = 7, P \ 0.05).

Effect of Iban on IK in RAW 264.7 Cells Preincubated

with 17b-Estradiol

Estrogen has been recognized to exert an anti-resorptive

activity in bone mass and to be effective in the manage-

ment of osteoporosis (Gallagher and Tella, 2013; Mose-

kilde et al. 2013). One would expect that the osteoclasts

exposed to 17b-estradiol could alter the effect of Iban on

their functional activity. For this reason, effect of Iban on

IK was further evaluated in 17b-estradiol-treated cells. As

shown in Fig. 5, in RAW 264.7 cells preincubated with

17b-estradiol for 12 h, the inhibitory effect of Iban on I–

V relationship of IK became little altered. For example, in

cells pretreated with 17b-estradiol (1 lM), Iban at a con-

centration of 30 lM was capable of reducing IK amplitude

at the level of ?30 mV to 86 ± 14 pA from a control of

195 ± 25 pA (n = 8, P \ 0.05). There was no significant

difference in the magnitude of Iban-inhibited IK between

control cells and cells treated with 17b-estradiol. There-

fore, in 17b-estradiol-treated RAW 264.7 cells, addition of

Iban can still effectively suppress the amplitude of IK.

Iban Suppressed IKCa-Channel Activity Measured

from RAW 264.7 Cells

In order to evaluate how Iban can interact with ion chan-

nels to depress IK- amplitude, single-channel current

recordings were further performed. In these experiments,

cell-attached configuration was made and cells were bathed

in normal Tyrode’s solution containing 1.8 mM CaCl2. As

shown in Fig. 6, under our experimental conditions, the

activity of IKCa channels can be readily detected, as

described previously in different types of cells (Komarova

et al. 2001; Morales et al. 2013; Shen et al. 2007; Wu et al.

1998). As Iban at a concentrations of 30 or 100 lM was

applied to the bath, channel activity was progressively

decreased (Fig. 6). For example, the presence of Iban

(30 lM) significantly reduced the probability of IKCa-

channel openings by 52 ± 4 % from 0.034 ± 0.03 to

0.17 ± 0.02 (n = 9, P \ 0.05). Similar to the effect of

Iban, TRAM-34 (3 lM) applied to the bath was effective at

suppressing channel activity significantly. Moreover, in

continued presence of 100 lM Iban, further addition of

ionomycin (10 lM) reversed Iban-mediated inhibition of

IKCa channels as evidenced by a significant increase in

channel activity to 0.20 ± 0.02 (n = 8, P \ 0.05).

Fig. 3 Summary of the data showing effects of Iban, TRAM-34,

DCEBIO, and Iban plus ionomycin on IK in RAW 264.7 cells

(mean ± SEM; n = 7–9 for each bar). Current amplitude was

measured at the level of ?50 mV. In the experiments on Iban plus

ionomycin, ionomycin was subsequently applied in continued

presence of Iban. TRAM: 1 lM TRAM-34. Iono: 10 lM ionomycin.

*Significantly different from control (P \ 0.05). **Significantly

different from Iban (10 lM) alone group (P \ 0.05)
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Effect of Iban on IKCa-Channel Activity Measured

at Different Levels of Membrane Potential

The effect of Iban on the activity of IKCa channels at dif-

ferent membrane potentials was also evaluated. The plots of

single-channel amplitude as a function of holding potential

were derived and constructed. Figure 7a illustrates the I–

V relationships of IKCa channels elicited by the ramp pulse

with or without addition of 30 lM Iban. The single-channel

conductance calculated from a linear I–V relationship

between the absence and presence of Iban was not noted to

differ significantly (34.2 ± 0.5 pS [in the absence of Iban],

n = 9 versus 34.1 ± 0.6 pS [in the presence of Iban], n = 9,

P [ 0.05). The results thus showed that, in parallel with

recent observations (Jones and Birchard, 2014), the IKCa

channels were functionally expressed in RAW 264.7 cells

and that they were sensitive to block by Iban or TRAM-34.

The voltage-dependent relation was further determined

using the Woodhull equation described in Materials and

Methods (Clark et al. 1995; Dunn, 1998). The values of K0 and

d required for the inhibitory effect of Iban on IKCa channels in

these cells were calculated to be 28.6 lM and 0.18, respec-

tively (Fig. 7b). Such K0 value is lower than IC50 value (i.e.,

29.8 lM). These results prompted us to indicate that the

inhibitory effect of this drug on the open probability of IKCa

channels observed in RAW 264.7 cells is dependent on the Iban

concentration as well as on changes in membrane potential.

Effect of KN-93 and KN-93 Plus Iban on IKCa

Channels

The activity of calmodulin (CaM) known to form KCa3.1-

CaM complex due to an electrostatic interaction was

C

B

A

Fig. 4 Inhibitory effect on IK caused by loading a RAW 264.7 cell

with Iban (10 lM) in the recording pipette and by extracellular

addition of ionomycin. The cell examined was held at -50 mV and

depolarizing step to ?30 mV with a duration of 300 ms at a rate of

0.1 Hz was repetitively delivered. Immediately after the membrane

rupture emerges, current amplitudes under whole-cell configuration

were recorded. Time course in the change of current amplitudes

measured at the end of each depolarizing pulse is illustrated. Original

current traces in the left side which are marked by labels (a, b, and

c) correspond to the time course shown in the right side. Horizontal

bar shown above denotes the addition of 10 lM ionomycin (Iono)

Fig. 5 Inhibitory effect of Iban on averaged I–V relations of IK in

17b-estradiol-treated RAW 264.7 cells. In these experiments, RAW

264.7 cells were preincubated with 17b-estradiol (1 lM) for 12 h. In

each cell examined, IK was elicited from -50 mV to different

voltages ranging from -100 to ?30 mV with 10-mV increments.

Each point represents the mean ± SEM (n = 6–9). Filled circle

control; open circle in the presence of Iban (30 lM). Note that cell

exposure to Iban remains effective at suppressing the amplitude of IK

in 17b-estradiol-treated cells
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previously demonstrated to influence Ca2? sensitivity and

gating kinetics of IKCa-channel openings (Jensen et al.

2001; Morales et al. 2013). We further examined whether

the inhibitory effects of KN-93 and Iban on these channels

can operate to be additive. KN-93 was reported to suppress

the activity of CaM-dependent protein kinase (Anderson

et al. 1998). Interestingly, as shown in Fig. 8, KN-93

(30 lM) alone decreased the channel open probability

significantly; however, a subsequent addition of Iban

(30 lM) was not found to diminish channel activity fur-

ther. KN-93 (30 lM) significantly decreased the probabil-

ity of channel openings from 0.35 ± 0.04 to 0.15 ± 0.01

(n = 8, P \ 0.05). However, there was no significant dif-

ference in channel activity between the presence of KN-93

alone and KN-93 plus Iban [0.15 ± 0.01 (n = 7) vs.

0.15 ± 0.012 (n = 7), P [ 0.05]. The experimental results

thus indicate that the inhibition by KN-93 and Iban of

single IKCa channel is not additive in RAW 264.7 cells.

Lack of Iban to Influence Inwardly Rectifying K?

Current (IK(IR)) in RAW 264.7 Cells

Earlier reports have clearly shown the presence of IK(IR) in

RAW 264.7 cells (Tsai et al. 2013; Wang et al. 2012). We

also investigated whether Iban can exert any effects on

IK(IR) functionally expressed in these cells. These experi-

ments were conducted in the cells bathed in Ca2?-free

Tyrode’s solution. Each cell was held at -50 mV and

different voltage pulses ranging from -120 to ?30 mV in

10-mV increments were applied. We failed to show that

Iban at a concentration of 30 lM exerts any effect on the I–

V relationship of IK(IR) in these cells (Fig. 9). However, in

continued presence of 30 lM Iban, subsequent application

of BaCl2 (1 mM) was effective at suppressing the ampli-

tude of IK(IR) measured throughout the entire voltage-clamp

step. Therefore, unlike Ca2?-activated K? current, the

IK(IR) is not vulnerable to block by Iban.

Effect of Iban on Resting Potential in RAW 264.7 Cells

Any changes in membrane potential can play a role in

regulating the sensitivity of osteoclast Ca2? influx and the

level of intracellular Ca2?. In another set of experiments,

the effect of Iban on membrane potential was investigated

in this study. Cells were bathed in normal Tyrode’s solu-

tion and the recording pipette was filled with K?-contain-

ing solution. Under current-clamp recordings, RAW 264.7

cells had a resting membrane potential of -63 ± 5 mV

(n = 23). The typical effect of Iban on membrane potential

in these cells is illustrated in Fig. 10. Addition of Iban

(10 lM) depolarized the cells, as evidenced by a significant

change in resting potential from -64 ± 4 to -54 ± 4 mV

(n = 9, P \ 0.05). After washout of this drug, the resting

potential returned to -58 ± 4 mV (n = 6). In continued

presence of Iban (10 lM), further application of DCEBIO

(10 lM) was able to counteract Iban-mediated membrane

depolarization to -59 ± 3 mV (n = 7, P \ 0.05). There-

fore, it is likely from these experiments that Iban-mediated

B

A

Fig. 6 Effect of Iban on the activity of IKCa channels in RAW 264.7

cells. In these experiments, cells were bathed in normal Tyrode’s

solution contained 1.8 mM CaCl2. Cell-attached current recordings

were made and each cell was constantly held at 0 mV relative to the

bath. a Original IKCa-channel currents obtained with or without

addition of Iban. Downward deflection indicates the opening event of

the channel. a control; b 30 lM Iban; c 100 lM Iban. b Summary of

the data showing effects of Iban (30 and 100 lM) and Iban (100 lM)

plus ionomycin (Iono; 10 lM) on the probability of IKCa-channel

openings (mean ± SEM; n = 8–10 for each bar). *Significantly

different from control. **Significantly different from Iban (100 lM)

alone group
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membrane depolarization in RAW 264.7 cells results pri-

marily from its interactions with IKCa channels to depress

the amplitude of IK.

Effect of Iban on LPS-Induced Migration Ability

in RAW 264.7 Cells

With the aid of Boyden chamber cell migration assay,

treatment of cells with LPS (0.5 lg/ml) for 6 h was noted

to increase the migration ability significantly. However,

after cells were treated with the different concentrations of

Iban for 6 h, the migration ability was drastically impaired.

Incubation with LPS plus Iban for 6 h significantly

decreased macrophage migration ability as compared with

LPS alone (Fig. 11). For example, migration ability

induced by LPS alone was significantly reduced

51 ± 12 % and 28 ± 9 % in the presence of 30 and

100 lM Iban, respectively. The results showed that Iban

could depress LPS-induced migration ability in a concen-

tration-dependent manner.

Discussion

The major findings of this study are as follows. First, Iban,

a bisphosphonate, was effective at decreasing the ampli-

tude of whole-cell IK in a concentration-dependent manner

in RAW 264.7 osteoclast progenitor cells. Second, Iban-

mediated inhibition of IK was reversed by ionomycin and

an intracellular dialysis with Iban progressively suppressed

the IK amplitude. Third, in 17b-estradiol-treated cells,

Iban-mediated inhibition of IK remained effective. Fourth,

Iban was able to suppress the activity of IKCa channels in a

voltage-dependent manner despite its inability to alter

single-channel conductance. Fifth, Iban per se was unable

to perturb the amplitude of IK(IR) throughout the entire

voltage-clamp steps examined. Sixth, this drug can depo-

larize the cell and inhibit LPS-induced migration. Collec-

tively, findings from our study suggest the essential role of

IKCa channels on Iban-induced inhibition of migratory

ability of osteoclasts occurring in vivo.

The IC50 value for Iban-induced inhibition of IK

observed in RAW 264.7 cells was 28.9 lM. The estimated

peak of plasma Iban concentration was reported to reach

5 9 103 ng/ml (around 14 lM) (Marathe et al. 2011).

Because bisphosphonates like Iban were also noted to

reveal a very high affinity and be able to bind to

hydroxyapatite, the actual concentrations encountered by

osteoclasts in vivo are likely to be much higher than that

present in plasma. Iban was also capable of suppressing the

activity of IKCa channels in a voltage-dependent manner.

A

B

Fig. 7 Voltage dependence of Iban-mediated inhibition of IKCa

channels in RAW 264.7 cells. a The relationship of current amplitude

versus potential (i.e., D voltage) in the absence and presence of Iban

(30 lM). In these experiments, RAW 264.7 cells were bathed in

normal Tyrode’s solution containing 1.8 mM CaCl2. The cell

examined was held at -50 mV relative to the bath and the voltage

ramp pulses from -120 to ?40 mV with a duration of 1 s were

applied. As the patch potential is the sum of the resting potential plus

the pipette potential, these currents reverse at approximately

?69 mV. The straight lines with a reversal potential of ?69 mV

indicate the I–V relationships of single IKCa channels in the absence

(upper) and presence (lower) of 30 lM Iban. Note that change in

single-channel conductance was not demonstrated during exposure to

Iban. b Voltage dependence of Iban-stimulated IKCa channels in

RAW 264.7 cells. The activation curves were obtained when the ramp

pulses were applied from -120 to ?100 mV with a duration of 2 s at

a rate of 0.02 Hz. The probability of IKCa-channel openings measured

at different levels of membrane potential was obtained during

exposure to 30 lM Iban. The data were fitted by the Woodhull

equation described under Materials and Methods. The values of K0

(i.e., the equilibrium constant at 0 mV) and d (i.e., the fraction of

membrane potential sensed by Iban at its binding site within the

channel) required for the inhibitory effect of Iban on IKCa channels

were calculated to be 28.6 and 0.18 lM, respectively
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B

A

Fig. 8 Inhibitory effects of KN-93 and KN-93 plus Iban on the

activity of IKCa channels recorded from RAW 264.7 cells. The

experiments were conducted in normal Tyrode’s solution containing

1.8 mM CaCl2, and the channels were recorded from cell-attached

patches of RAW 264.7 cells. a Original current traces recorded in

control (upper), or in the presence of 30 lM KN-93 (middle) or

30 lM KN-93 plus Iban (30 lM). b Bar graph showing the effect of

KN-93 and KN-93 plus Iban on the channel open probability

(mean ± SEM; n = 7–12 for each bar). KN-93: 30 lM KN-93; Iban:

30 lM Iban. In the experiments with KN-93 plus Iban, Iban was

subsequently applied after addition of KN-93. *Significantly different

from control

B

A

Fig. 9 Inability of Iban to alter the amplitude of inwardly rectifying

K? current (IK(IR)) recorded from RAW 264.7 cells. In these

experiments, cells were bathed in Ca2?-free Tyrode’s solution. The

cell examined was held at -50 mV and different voltage pulses

ranging from -120 to ?20 mV in 10-mV increments with a duration

of 1 s were applied. a Original current traces obtained in the absence

(upper) and presence (lower) of 30 lM Iban. The uppermost part

indicates the voltage protocol used. b Averaged I–V relationships of

IK(IR) obtained in the control (filled circle) and during cell exposure to

10 lM Iban (open circle) or 10 lM Iban plus 1 mM BaCl2 (open

triangle). Each point represents the mean ± SEM (n = 6–12)
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The value used for inhibition of IK is similar to those

required to inhibit migration ability of these cells. Our

results also provide the evidence showing that functional

expression of KCNN4 (KCa3.1) was observed in RAW

264.7 cells (Jones and Birchard, 2014). Therefore, the

effect of Iban or other structurally similar bisphosphonates

on IKCa channels in osteoclasts is most likely to occur at a

concentration achievable in humans. The inhibition of IKCa

or KCNN4-encoded channels could be one of the important

mechanisms underlying Iban-induced anti-resorptive

actions.

Bisphosphonates such as alendronate were reported to

activate an endogenous nonselective cation channels

expressed in Xenopus oocytes (Shao et al. 2005). One

would anticipate that Iban-induced depolarization might

arise from its elicitation of such nonselective channels.

However, in continued presence of Iban, subsequent

addition of DCEBIO, an activator of IKCa channels, was

found to reverse the ability of Iban to produce membrane

depolarization. The addition of either TRAM-34 or clo-

trimazole also depolarized RAW 264.7 cells. Because of

the activity in IKCa channels, any factors connected with

increased intracellular Ca2? might hyperpolarize non-

excitable cells (e.g., RAW 264.7 cells), thereby producing

an additional rise in the inwardly directed driving force for

maintenance and facilitation of Ca2? entry (Begenisich

et al. 2004; Lallet-Daher et al. 2009). Indeed, we was

unable to detect the presence of voltage-gated Ca2? or Na?

channels in RAW 264.7 cells. Iban-mediated inhibition of

IKCa channels in these cells can result in membrane

depolarization, which consequently has the propensity to

decrease the electrochemical driving force for Ca2? entry.

Therefore, the observed depolarization caused by Iban

could be primarily a result of its inhibition of IKCa chan-

nels, rather than stimulation of nonselective channels.

An elevation in local Ca2? has been previously dem-

onstrated to trigger CaM-KCa3.1 interactions and to change

the gating process of IKCa channels (Jensen et al. 2001;

Morales et al. 2013). Our results showed that in continued

presence of KN-93, an inhibitor of CaM-dependent protein

kinase (Anderson et al. 1998), subsequent addition of Iban

did not produce an additional reduction in the activity of

IKCa channels. It is likely that Iban-mediated inhibition of

Fig. 11 Effect of Iban on LPS-induced migration ability in RAW

264.7 cells. Boyden chamber cell migration assay was used in these

experiments. The cells were induced to migrate by means of the

exposure to LPS (0.5 lg/ml) for 6 h. The migration ability during

exposure to LPS (0.5 lg/ml) was taken to be 100 % and those in the

presence of LPS plus different concentrations of Iban were measured

and compared. Each bar indicates the mean ± SEM from four

independent experiments with triplicate samples. *Significantly

different from LPS alone group (P \ 0.05)

BA

Fig. 10 Effect of Iban on the resting potential in RAW 264.7 cells.

Changes in the resting potential were measured under current-clamp

configuration, the experimental protocol of which was described

under ‘‘Materials and Methods’’ section. a Potential trace showing the

effects of Iban (10 lM) and Iban (10 lM) plus DCEBIO (10 lM) on

membrane potential of a RAW 264.7 cell. Horizontal bars shown

above indicate the addition of Iban or DCEBIO. b Bar graph showing

summary of the effect of Iban and Iban plus DCEBIO on membrane

potential in RAW 264.7 cells (mean ± SEM; n = 7–12 for each

point). *Significantly different from control. **Significantly different

from Iban alone group
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IKCa channels observed in RAW 264.7 cells is dependent

on the activity of CaM-dependent protein kinase.

A previous report showed that clodronate, a bis-

phosphonate with no nitrogen, could raise intracellular

Ca2? in thyroid carcinoma cells (Yang et al. 2004). In our

study, we are unable to find the ability of Iban either to

increase the amplitude of whole-cell IK or to raise the open

probability of IKCa channels in RAW 264.7 cells. The

stimulation of migratory ability induced by LPS was sup-

pressed by Iban at similar concentration range. Therefore,

it seems unlikely that Iban-mediated inhibition of cell

migration observed in these cells results from sustained

elevation of intracellular Ca2?.

Inability of Iban to influence the amplitude of IK(IR) was

seen in RAW 264.7 cells. Whole-cell IK in RAW 264.7 was

insensitive to block by chlorotoxin or margatoxin; how-

ever, it was suppressed by TRAM-34 or clotrimazole and

activated by DCEBIO or ionomycin. Iban-mediated inhi-

bition of IK was significantly reversed by a further addition

of DCEBIO. In single-channel current recordings, addition

of Iban could suppress the probability of IKCa-channel

openings in a voltage-dependent manner with the d value

of 0.18. Therefore, the KCa3.1 channels are predominant

target of Iban and structurally similar agents inherently in

osteoclasts (Jones and Birchard 2014; Komarova et al.

2001; Valverde et al. 2005).

In Ca2?-free Tyrode’s solution, our results showed that

Iban-mediated inhibition of either whole-cell IK or IKCa

channels was attenuated, suggesting that its depressant

action on IKCa channels is dependent on extracellular

Ca2?. Chemically, bisphosphonates are analogs of endog-

enous pyrophosphates in which the central oxygen atom is

replaced by carbon, forming a P–C–P structure that is

resistant to enzymatic degradation. The two phosphonate

groups are recognized to be responsible for binding to bone

mineral and for cell-mediated anti-resorptive activity (Eb-

etino et al. 2011). With the aid of ChemBio3D analysis, the

minimal energies for Iban/Na complex and Iban/Ca com-

plex were evaluated in our study. Interestingly, as Ca2?

ions are exposed to Iban, the total energy was greatly

enhanced to -7 9 108 kcal/mol, suggesting that the degree

of freedom in such molecule becomes strongly restricted;

however, the value for Iban/Na complex was -111.1 kcal/

mol. Consistent with previous observations (Suzuki et al.

2008), most parameters including stretch and bend energy,

and energies for non-1,4-Van der Waals force and charge/

dipole interaction were considerably changed, although the

energy for 1,4-Van der Waals force did not differ between

Iban/Na and Iban/Ca complexes (see Supplementary

Table 1). Therefore, the mode of inhibitory action on IKCa

channels, cell proliferation or cell migration is largely

attributed to the lateral chains of the central carbon in the

molecules of Iban or other structurally similar drugs

(Ebetino et al. 2011; Journè et al. 2008; Komarova et al.

2001; Liu et al. 1998).

It is anticipated that the decreased activity of IKCa

channels together with subsequent depolarization of the

cells is responsible for the inhibitory effect of Iban on the

migration of RAW 264.7 cells. However, besides the

inhibition of farnesyl pyrophosphate synthase caused by

Iban (Fisher et al. 2013; Pazianas, 2010; Prokopenko et al.

2014), whether its block of IKCa channels has a causal link

to the inhibition of cell migration in different types of cells

still remains to be further clarified. To what extent the

suppression by Iban or other structurally similar bisphos-

phonates of IKCa channels contributes to the curtailing of

bone resorption or remodeling as well as to the impact

upon osteonecrotic processes remains to be further

delineated.
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