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INTRODUCTION

Voltage-gated ion channels represent a major family 
of therapeutic targets for a variety of disease indications 

due to the important functions in physiological processes. A 
member of mammalian “Shaker” family channels, Kv1.3 has 
been identified as a major K+ channel type expressed in immune 
cells, including T and B cells, and considered a potential drug 
target for autoimmune diseases.1-7 Recently, studies have also 
showed that Kv1.3 channel knockout mice have lean body 
weight and prolonged life span, preferentially caused by an 
increase in insulin sensitivity in adipocytes.8,9 Therefore, Kv1.3 
channel blockers could be potentially used as antidiabetic agents. 
Searching for compounds that block Kv1.3 channel activities has 
started for years, and a number of blockers have been reported 
with the chemical entities from toxins to small molecules. 
However, the clinical development has not yet been successful, 
mostly due to the difficulty in achieving selectivity of the action. 

Therefore, screening a large compound library for expanded 
chemical entities would provide increased opportunities to improve 
compound properties and to achieve clinically viable agents.

High-throughput screening (HTS) has been demonstrated as 
a highly valuable approach in drug discovery. Typically, a com-
pound library containing half to 1 million compounds is 
screened against each desirable target. Tens of thousands of the 
hits are identified for follow-up assessment. This approach 
requires development of HTS-adaptable assays that provide 
effective throughput to complete the screen in a practical length 
of time. For ion channel assays, the conventional electrophysi-
ological technique is still considered a gold standard in terms 
of data quality and specificity, but the throughput of the assay 
is too low to be suitable for HTS. Although the recently devel-
oped automated patch clamp has greatly improved throughput, 
the application of such assays in HTS format is still impracti-
cal. As a fluorescence-based assay, fluorometric imaging plate 
reader (FLIPR) has been commonly used for HTS as a func-
tional assay format for G-protein-coupled receptors (GPCR) 
and ion channels. FLIPR is an imaging-based assay system 
with automated liquid handling capable of generating 20,000 to 
50,000 data points per day. In the past decade, a variety of 
FLIPR suitable fluorescent dyes have been developed and 
applied to HTS campaigns.10-17 For potassium channel assays, 
membrane-potential dye was widely employed based on the 
principles that inhibition of K+ channel activity would cause 
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Voltage-gated K+ channels are potential drug targets for an increasing number of disease indications. Searching for com-
pounds that modulate K+ channel activities by high-throughput screening (HTS) is becoming a standard approach in the drug 
discovery effort. Here the authors report an improved fluorometric imaging plate reader (FLIPR) membrane potential assay 
for Kv1.3 K+ channel HTS. They have found that the Chinese hamster ovary (CHO) cells have endogenous membrane elec-
trogenic transporters that contribute to maintaining membrane potential. Blocking the recombinant K+ channels in the over-
expressing CHO cell line hardly changed the membrane potential. Inhibition of the endogenous transporters is essential to 
achieve the required assay robustness. The authors identified the optimal assay conditions and designed a simple assay for-
mat. After an HTS campaign using this assay, various chemical series of Kv1.3 channel blockers have been identified and 
confirmed by the automated electrophysiological IonWorks assay. The correlation in dose response between FLIPR and 
IonWorks was established by biophysical modeling and experimental data. After characterization using patch-clamp record-
ing, both use-dependent and use-independent compounds were identified. Some compounds possess nanomolar potency, 
indicating that the FLIPR assay is effective for successfully identifying K+ channel blockers as novel drug candidates. 
(Journal of Biomolecular Screening 2010:185-195)
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changes in membrane potential. K+ channel functions are 
physiologically associated with membrane potential in either 
excitable or nonexcitable cells. Using the membrane-potential 
assay to assess K+ channel activity should be physiologically 
relevant, outweighing the assays using Rb+ or Tl+ as carri-
ers.18-20 However, membrane potential is an essential property 
for almost every type of living cells, maintained by not only K+ 
channel function but also other membrane transporters. These 
non–K+ channel mechanisms would interfere with membrane-
potential signal in the assay and largely reduce the assay per-
formance, which therefore hindered the assay application. To 
surmount the obstacle, the previous applications used K+ chan-
nel openers or high concentration of K+ to induce membrane-
potential change and then examined the compound effect on 
this signal.16,21 One endpoint assay previously described for 
Kv1.3 channel was performed at temperatures below 2°C.22,23 
The nonphysiological conditions used in these assays are sub-
ject to modifying channel properties, and thus the assay may 
misinterpret the compound activities. The low-temperature 
assay requirement is also a challenge for the HTS campaign to 
adapt. Therefore, it is necessary to develop a simple, reliable, 
and robust assay that can be performed under physiologically 
relevant conditions.

In this study, we report a robust membrane-potential assay for 
Kv1.3 channel HTS. We have identified the issues for establishing 
this physiologically relevant format and found solutions to achieve 
the assay robustness. We have also generated a model to correlate 
the results of this assay with an electrophysiological approach. The 
assay was successfully applied to the HTS campaign. The primary 
hits were confirmed by the follow-on electrophysiological screen-
ing. The Kv1.3 channel blockers with good potency were identi-
fied and confirmed by the next level of assessment.

MATERIALS AND METHODS

Media and chemicals

Cell culture medium: Ham’s F-12 (Cellgro, Manassas, VA) sup-
plemented with 10% fetal bovine serum (FBS; heat inactivated, 
Invitrogen, Carlsbad, CA), 100 μg/mL streptomycin, 100 U/mL 
penicillin (Invitrogen), and 200 μg/mL Geneticin

IonWorks internal solution: 140 mM KCl, 2 mM MgCl2, 5 mM 
EGTA, and 10 mM HEPES (pH 7.2)

IonWorks external solution: DPBS containing calcium and magne-
sium buffer (Invitrogen)

Patch-clamp pipette solution: 140 mM KCl, 4 mM MgCl2, 10 mM 
EGTA, and 10 mM HEPES (pH 7.2)

Patch-clamp external solution: 135 mM NaCl, 5 mM KCl, 1 mM 
CaCl2, 1.17 mM MgSO4, and 10 mM HEPES (pH 7.4)

All chemicals and compounds were purchased from Sigma-
Aldrich (St. Louis, MO) unless otherwise mentioned. Psora-4 
was dissolved in DMSO at 10 mM as stock and margatoxin 
was reconstituted according to the manufacturer’s protocol.

Cell culture

The Chinese hamster ovary (CHO) cells stably expressing 
Kv1.3 (CHO-Kv1.3) and Kv1.5 channels (CHO-Kv1.5) were 
purchased from Aurora Biomed (Vancouver, BC, Canada) and 
Millipore (Billerica, MA), respectively. Cells were maintained 
in the culture medium to 80% to 90% of confluence and plated 
in 96-well clear-bottom black plates at a density of 50,000/well 
or in poly-D-lysine (PDL)–coated 384-well clear-bottom plates 
(VWR International, West Chester, PA) at a density of 15,000/
well. After overnight incubation at 37°C with 95/5% air/CO2, 
the plate was used for FLIPR assay. For IonWorks and patch-
clamp studies, cells were split into 35-mm culture dishes and 
incubated for 24 to 72 h before use. The HTS was conducted 
using a large bulk of frozen cells with a fresh vial of cells being 
thawed and consistently cultured for each day of screening.24 
The cells were cultured, split to expand, harvested, counted, 
and plated using a TAP SelecT automated cell culture system 
(The Automation Partnership, Royston, UK).

FLIPR membrane-potential assay

FLIPR assay development was performed in accordance with 
the manufacturer’s protocol (Molecular Devices, Sunnyvale, 
CA). Briefly, cell plates were loaded with assay buffer contain-
ing 1× membrane-potential dye component A. After a 40-min 
incubation at room temperature, the plates were placed on the 
platform of FLIPR384 (Molecular Devices), and the fluores-
cence was read with excitation/emission at 488/540 nm.

The HTS campaign was conducted using a fully automated 
High-Speed Distributed Motion (HSDM) Thermo LAS micro-
plate assay system with dual FLIPR Tetras previously 
described.24 The FLIPR assay was performed in 384-well plates 
as described above on batches of up to 189 plates prepared and 
incubated, with lids, overnight on the TAP SelecT cell culture 
system. Nine racks with each of 21 plates were transferred 
from the SelecT incubator to the assay system incubator for 
storage at 37°C 5% CO2 prior to use. The assay system, based 
on a predetermined 12-h schedule set to achieve uniform and 
consistent plate handling, retrieves each plate from the incuba-
tor and removes its lid temporarily for processing. The plates 
are washed with 70 μL of assay buffer, leaving 25 μL behind 
and loaded with 40 μL of assay buffer containing 1.2× mem-
brane-potential dye component A and 10 mM NaN3, followed 
by the addition of 10 μL of test compound, control compound, 
or assay buffer. The system re-lids each plate and incubates  
it for 60 min at room temperature with 5% CO2 in a second 
incubator. The plates are then retrieved from the incubator,  
de-lidded, and transferred to one of the FLIPR Tetras for an 
endpoint fluorescence determination. Data are presented in 
either relative fluorescence unit (RFU) or logarithm of fold 
induction (FI) normalized by the RFU values from control 
(buffer-treated) wells.
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IonWorks electrophysiological assay

Kv1.3 current was recorded on the CHO-Kv1.3 cells using 
IonWorks Quattro (Molecular Devices) platform in high-
throughput (HT) mode. Cells were maintained in regular cul-
ture condition and harvested freshly before assay. Versene 
(Invitrogen) was used as dissociation buffer to make suspen-
sion cells at a density of 5 × 105/mL before being loaded into 
the platform. IonWorks recording was conducted following the 
manufacturer’s protocol (Molecular Devices). As soon as the 
seal was achieved, the internal solution containing 0.1 mg/mL 
Amphotericin B was applied to make perforated whole-cell 
configuration. Voltage-dependent Kv1.3 current was evoked by 
double depolarization pulses from holding potential at –70 to 
30 mV for 1 s in 1-s intervals. The compound effect on Kv1.3 
channel activity was evaluated by comparing the current ampli-
tudes at the end of the first depolarization pulse before and 3 to 
5 min after the compound addition. Eight concentrations of 
compound starting at 30 μM in a half-logarithm dilution were 
used to generate 8-point dose response. The data were analyzed 
using XLFit4 software (IDBS Limited, Guildford, UK). IC50 
was generated by fitting the dose-response data to the Hill 
equation.

Patch-clamp recording

Cells were dissociated using trypsin (0.05 mg/mL), washed 
once with the culture medium, and harvested into a 15-mL 
centrifuge tube at a density of 106/mL. The freshly isolated 
cells would be used within 4 h after preparation. High-
resolution current recordings were acquired with a computer-
based patch-clamp amplifier system (EPC-10; HEKA, 
Lambrecht, Germany). Patch pipettes had resistances between 
2 and 5 MOhm after filling with the standard pipette solution. 
After establishing whole-cell configuration, the membrane 
potential was held at either –70 or –80 mV. A series of voltage 
protocols was used to test the voltage dependence of the chan-
nel activation. To test compound effect, we applied a single 
voltage pulse stepped from a holding potential at –80 to 20 mV 
for 1 s. Liquid junction potential, capacitive currents, and series 
resistance were determined and corrected using the automatic 
compensation of the EPC-10. Compounds were delivered 
through a gravity-driven perfusion system, and the effect was 
calculated as percent inhibition of the current amplitudes at the 
end of the voltage pulse. To generate a dose response, 3 to 4 
concentrations starting at 20 μM in 10-fold dilution were 
tested. IC50 was generated as described for IonWorks.

Data analysis and modeling

Kv1.3 channels are mainly expressed in nonexcitable cells 
such as lymphocytes and adipocytes, in which the major func-
tion of those channels is to regulate resting membrane potential 

to affect the downstream biological processes. Kv1.3 channel 
blockers are expected to depolarize membrane potential in 
these cells. In the present study, CHO-Kv1.3 cells have no 
other K+ current except substantially expressed Kv1.3 current, 
conferring an ideal cellular system for modeling the role of the 
voltage-gated K+ channel in maintaining resting membrane 
potential. Assuming that the Kv1.3 channel is the only K+ chan-
nel in the cell membrane, carrying K+ current when it is open, 
the relationship of channel conductance (GK) versus membrane 
voltage (Vm) should follow the Boltzmann equation:

GK = GK0/(1 + EXP (–k(Vm – V1/2))), (1)

where k is a constant, and V1/2 is half-activation voltage. GK0 is 
maximal open conductance by voltage. When channel blockers 
are applied, GK0 is a function of the blocker concentration (C) 
described by the Hill equation:

GK0 = Gmax/(1 + (C/IC50)^n), (2)

where Gmax is the maximal open conductance when entire chan-
nels are open without blockade; IC50 is the blocker concentra-
tion at 50% of channel blockade, which is derived from 
patch-clamp recording at maximal activation voltage; and n is 
the Hill coefficient. Then, the K+ current (IK) conducted by the 
K+ conductance equals

IK = GK (Vm – VK) = Gmax/((1 + EXP (–k(Vm – V1/2)))
	 (1 + (C/IC50)^n)),

where VK denotes K+ reversal potential. In the physiological con-
dition, IK is an outward current, which hyperpolarizes membrane 
potential. The hyperpolarized Vm would generate nonspecific leak 
current (Ileak) through membrane leak conductance (Gm):

Ileak = Gm × Vm.

The membrane potential will stay constant when IK = –Ileak. 
Combine the above equations, and then

Gmax/((1 + EXP (–k(Vm – V1/2))) (1 + (C/IC50)^n)) = –Gm × Vm.

Let G0 = Gmax/Gm, which denotes the ratio of the channel 
maximal conductance and membrane leak conductance, and 
then

C = IC50 (G0 (VK/Vm – 1)/(1 + EXP(–k(Vm – V1/2))) – 1)^(1/n). (3)

This equation represents the relationship of blocker concentra-
tions and the membrane potential generated by the potassium 
channel activities.

The equation for linear fit (presented later in Fig. 7) is

y = a + b × x,
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where b is the slope, and x and y could be in linear or log scale. 
To demonstrate assay robustness, we calculated the Z′ factor 
according to the following equation:

Z′ = 1 – [3*(SDH + SDL)/(MeanH – MeanL)],

where SDH is the standard deviation of the high signal 
(channel blocker), and SDL is the standard deviation of the 
low signal (buffer control). MeanH and MeanL are the aver-
ages of the high signal and low signal, respectively. Data are 
presented in mean ± SD. Origin 6.1® (Origin Lab Corporation, 
Northampton, MA) was used for all data fitting and correla-
tion analysis.

RESULTS AND DISCUSSION

CHO cells do not have detectable voltage-dependent chan-
nel current, so they are used widely as a robust expression 
system for ion channel studies. Stable expression of Kv1.3 
channel in CHO cells provokes large voltage-dependent K+ 
current. The current can be elicited by membrane depolariza-
tion, and the significant inactivation can be observed at a mem-
brane potential higher than –30 mV. As shown in Figure 1A, 
the voltage dependence curve represents the key properties of 
the Kv1.3 channel, as described in earlier studies.4 The channel 
starts to activate when membrane is depolarized to more posi-
tive than –60 mV, and the activation saturates at the potential 
higher than –20 mV. According to classical electrophysiology 
theory, CHO-Kv1.3 cells will establish membrane potential by 
activated Kv1.3 channels. When the channel activates, the K+ 
efflux current (IK) builds potential difference, which then gen-
erates a leak current (Ileak). As long as IK is greater than Ileak, 
membrane potential will be driven close to the K+ reversal 
potential, at which IK will be largely reduced until IK equals 
–Ileak. At –20 mV, the current peak amplitude was 832 ± 54 pA 
(n = 9) in CHO-Kv1.3 cells, and the maximal K+ conductance 
(reversal potential at –108 mV in the experimental condition) 
was 9.45 nS. The leak conductance in CHO parental cells was 
0.19 nS (13 pA at –70 mV). This approximate 50-fold conduct-
ance ratio ensures that the membrane potential stays at the K+ 
reversal potential. Indeed, current clamp recording showed that 
changes in extracellular K+ concentration affected the mem-
brane potential exactly as predicted by the Nernst equation 
when the calculated reversal potentials fell in channel activa-
tion range (Fig. 1B,C). However, membrane potential would 
not be hyperpolarized below –58 mV, at which the Kv1.3 chan-
nel would be completely closed. With regard to this observa-
tion, complete block of the channel activity by channel blockers 
would keep membrane potential depolarized, as shown by the 
dotted line in Figure 1C.

To develop an HTS assay, we decided to adopt a FLIPR-
based membrane-potential assay because currently commer-
cially available membrane-potential dye could achieve robust 

resolution for detection of changes in membrane potential. We 
first chose Psora-4 as our benchmark compound due to the fact 
that Psora-4 is so far the most potent known small-molecule 
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FIG. 1. P atch-clamp recording of Kv1.3 channels. CHO-Kv1.3 cells 
showed robust voltage-dependent current in the voltage range from –70 
to 60 mV, whereas CHO parental cells showed no detectible current. 
(A) The conductance derived from tail current plotted against the volt-
age was fitted with the Boltzmann equation (equation 1) for CHO-Kv1.3. 
The fitting parameters are as follows: k = 5.97; V1/2 = –36.5 mV. (B) 
Current clamp recording of CHO-Kv1.3 cells in the presence of various 
concentrations of K+ in external solution. (C) Membrane potential plot-
ted against the external K+ concentration. The membrane-potential 
values were derived by the Nernst equation (solid circles) and by the 
current clamp recording (open circles with solid lines, n = 4). The pre-
dicted membrane-potential values at completely blocked K+ channel 
activity are shown in open circles with dotted lines.
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Kv1.3 blocker. We tested this compound in patch-clamp set-
tings. As shown in Figure 2A, Psora-4 completely blocked the 
Kv1.3 channel at 50 nM. We then examined this compound in 
the FLIPR membrane-potential assay. As shown in Figure 2B, 
addition of Psora-4 up to 500 nM only slightly increased fluo-
rescence signal during 80 min of recording period. Meanwhile, 
an increase in extracellular K+ concentration could dramatically 
elevate fluorescence signal, which corresponds to the depolari-
zation of membrane potential. This result suggests that block-
ade of Kv1.3 channel by Psora-4 could not depolarize membrane 
potential as expected. Therefore, additional mechanisms must be 
maintaining the membrane potential when Kv1.3 is blocked in 

these cells. We hypothesize that Na+/K+ ATPase may contribute 
largely to this action because CHO cells have been shown to 
possess profound ATPase activities.25 We tested several ATPase 
antagonizing compounds and found that sodium azide (NaN3) 
generated the best results. NaN3 is an inorganic compound that 
antagonizes adenosine triphosphate (ATP) synthesis and reduces 
intracellular ATP concentration.26 As shown in Figure 3A, in 
the presence of NaN3, Psora-4 at 500 nM dramatically increased 
fluorescence response. NaN3 induced only a slight increase in 
basal response. In addition, when the experiment was con-
ducted in Cl– free condition (replaced by aspartate), Psora-4 
increased fluorescence signal at 101% with the Z′ factor at 0.63 
in this representative plate. The potent Kv1.3 specific toxin 
blocker MgTx also induced an increase in fluorescence under 
the same condition. Fitting of Psora-4 and MgTx dose-depend-
ent response with the Hill equation resulted in 39 nM and 16 
nM EC50s, respectively (Fig. 3B). The assay stability was also 
tested. As shown in Figure 3C, the robust response sustained 
for at least 6 h after dye loading of the cells. To rule out that the 
signal enhancement by NaN3 is cell-line specific, we examined 
the assay condition further using the CHO-Kv1.5 stable cell 
line to observe the inhibition of Kv1.5 channels by Psora-4, 
which was previously shown to block Kv1.5 as well.27 As 
shown in Figure 4A, Psora-4 induced a greater than 100% 
increase in fluorescence in the presence of 10 mM NaN3 and 
the absence of Cl–, compared to a very minimal increase in the 
control buffer condition. However, in CHO parental cells, both 
Psora-4 and MgTx did not evoke any significant changes under 
the same condition (Fig. 4B), indicating that the increase in 
fluorescence signal in CHO-Kv1.3 and CHO-Kv1.5 cells is  
an event specific to the inhibition of the overexpressed K+ 
channels.

In patch-clamp recording, Psora-4 and MgTx blocked the 
Kv1.3 channel with IC50s at 2 nM and 0.11 nM, respectively.27,28 
However, both compounds modified membrane potential at 
much higher EC50s (Fig. 3B). We wanted to determine whether 
this discrepancy reflected other components involved in mem-
brane-potential determination other than the Kv1.3 channel 
block. We tried to model the membrane-potential response to 
the concentration of the specific blockers based on the kinetics 
of the channel activation and the compound blockade (see 
Materials and Methods). As shown in Figure 5, the modeled 
responses to both Psora-4 and MgTx match the data obtained 
from FLIPR experiments tightly. The model was created based 
on the presumption that the Kv1.3 channel provides the only 
driving force for maintaining membrane potential in this sys-
tem. The modeled relation between fluorescent responses and 
blocker concentrations could be approximately fitted with the 
Hill equation to get EC50. The EC50 acquired for specific com-
pound does not have linear relation to the IC50 of the compound 
for blocking the channel activity in patch-clamp recording 
because the Hill slope of the dose-response curve for channel 
blockade determines the slope of the dose-response curve for 
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membrane-potential modification. Psora-4 is known to have a 
Hill slope of 2 and MgTx has 1 for blocking channel activi-
ties.27 The approximate fitting of the membrane-potential 
response results in 1.4 and 0.7 of the Hill slope, respectively. 
The EC50 of Psora-4 in FLIPR is 20-fold higher than its IC50 in 
patch clamp (39 vs. 2 nM), whereas MgTx has a 150-fold dif-
ference between these 2 parameters (16 vs. 0.11 nM).

Next, we conducted an HTS campaign for the Kv1.3 chan-
nel blockers using the FLIPR assay as described above. Single-
point determinations were made on 650,000 compounds at 10 

μM in around two thousand 384-well plates run over 17 days. 
We used 2 reference compounds in the control plates: Psora-4 
and verapamil, a relatively less potent Kv1.3 blocker.3,29 Both 
Psora-4 and verapamil induced a dose-dependent response in 
the control plate with average EC50s of 150 nM and 3 μM, 
respectively. The Z′ robust factors, a good statistical measure 
for small populations, was derived from each test plate based 
on the high controls, 25 μM verapamil, and low controls, 
buffer-treated wells, indicating that the assay was reliable as 
most of the Z′ robust factors were greater than 0.6 (Fig. 6A) 
and a significant separation of the high controls and low con-
trols was obtained (Fig. 6B). For those plates with Z′ factor less 
than 0.5 (88 of 2161), a retest was performed. The average Z′ 
robust in 2161 plates was 0.73, suggesting a statistically sig-
nificant HTS assay. Figure 6C shows the results of the primary 
screen. The normal distribution analysis of the log fold induc-
tion (FI in logarithm scale) in fluorescence signal generated 3 
times the interquartile range standard deviation (IQRSD) over 
the median (a well-accepted cutoff parameter) at 0.14 Log(FI) 
or 1.38 FI over buffer-treated wells. This cutoff value identified 
20,948 compounds that were considered primary hits, a 3.2% 
hit rate. These hits were retested in triplicate at both 10 and 1 
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fluorometric imaging plate reader (FLIPR) assay window for 
CHO-Kv1.5 but not Chinese hamster ovary (CHO) parental cells. (A) 
Fluorescence intensity from FLIPR assay on CHO-Kv1.5 cells in 
response to Psora-4 under various conditions (n = 6 for each group). 
(B) The plate view of the FLIPR results in response to Psora-4 and 
MgTx on CHO parental cells in the presence of 10 mM sodium azide 
in Cl– free buffer.
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blocker concentrations (see Materials and Methods). Presumably, 
Kv1.3 channel activation is the only mechanism to maintain mem-
brane potential. As a result, effect of Psora-4 on membrane potential 
is illustrated in open circles using equation (3), where the parameters 
derived from patch-clamp recording (data not shown; see Vennekamp 
et al.27) are IC50 = 2 nM, G0 = 50, VK = –108 mV, k = 5.97, V1/2 = –36.5 
mV, and n = 2. For MgTx (open squares), IC50 = 0.2 nM and n = 1. The 
rest is same. The modeled voltage-concentration relation (equation 3) 
could be roughly fitted with the Hill equation (equation 2, solid line) 
to obtain EC50. The experimental data acquired from the fluorometric 
imaging plate reader (FLIPR) assay were plotted into the graph (solid 
dots, n = 12 for each data point) after normalized to the minimal 
response at 10–2 nM of –58 mV and the maximal response at 103 nM 
of 0 mV.
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μM in the same procedure as the primary screen. Despite the 
statistical robustness of the controls throughout the HTS cam-
paign, only 16% (3338 of 20,948) of the hits were confirmed to 
have a ≥1.38-fold increase based on the median of the tripli-
cates. The vast majority of the hits that did not confirm were 
originally between the 3 IQRSD cutoff and 4 IQRSD over the 
median, as expected. However, more than one quarter of the 
confirmed actives came from retesting the hits in the 3 to 4 
IQRSD range, justifying going deep into the normal distribution 
to find actives. We also conducted a counterscreen using paren-
tal CHO cells with the same assay procedure. This was a pro-
ductive process that eliminated 3006 of the actives because they 
had either greater than 1.38 FI in the parental CHO cell line or 
a statistically insignificant difference in activity between the 
Kv1.3 and the parental CHO cells. The remaining 332 com-
pounds were designated as high-quality hits, of which 258 
compounds were moved to the next level of assessment because 
they had also demonstrated activity (≥1.38 FI) at 1 μM.

Our bench-top characterization of HTS hits was first per-
formed on these 258 hits with the FLIPR dose-response assay. 
Most of the hits were active with EC50s from 0.1 to 30 μM. 
Eight compounds were considered inactive hits with EC50s 
greater than 60 μM. Figure 7A shows the correlation between 
EC50 and the percent increase in the HTS screen at 1 μM. Fifty-
two compounds with EC50s less than 1 μM were tested further 
in the automated patch-clamp IonWorks Quattro (Molecular 
Devices). Forty-seven compounds were potent blockers with 
IC50s less than 1 μM. There was a significant linear correlation 
(p < 0.001) between EC50 in FLIPR and IC50 in IonWorks, as 
shown in Figure 7B. Chemical structure analysis indicated the 
discovery of diverse scaffolds. There were 31 singleton com-
pounds with IC50s ranging from single-digit nM to μM. Seven 
chemical classes with more than 1 compound in each class had 
sub-micromolar IC50s (Fig. 7C). The most potent compound 
had the IC50 at nM range in IonWorks. As shown in Figure 7D, 
this compound (compound A) completely blocked the Kv1.3 
channel current at the end of a 1-s pulse in IonWorks at 30 nM. 
In addition, in the presence of compound A, there was much 
less current induced by the second pulse after 1-s repolariza-
tion, suggesting that binding of compound A to the channel 
inhibited the recovery from the inactivation state.

We next characterized the lead compounds in patch-clamp 
recording. At least 2 types of blocking kinetics were identi-
fied. Figure 8A,B shows an example of use-dependent block, 
as compound B blocked the channel only when the channel 
was activated by depolarization pulses. In contrast, in  
Figure 8C,D, compound C blocked the channel regardless of 
the channel state, displaying a none-use-dependent blocking 
kinetics. These results demonstrate that the FLIPR mem-
brane-potential assay developed in this study can be used to 
identify compounds with multiple blocking mechanisms for 
Kv1.3 channel blockers.

FIG. 6.  Quality control of the assay and the results of the high-
throughput screening (HTS). (A) Z′ robust values for each plate 
throughout the primary HTS campaign. The Z′ robust was calculated 
with buffer control as low signal (n = 16) and 25 μM verapamil as high 
signal (n = 16). (B) Medians of high controls and low controls for each 
plate throughout the primary HTS campaign. (C) Distribution of total 
compound activities in the HTS campaign represented as fold induc-
tion (FI) in logarithm scale. The compounds were tested at 10 μM. 
Based on the population statistics, the hit cutoff was set at 1.4 FI (3 
times the interquartile range standard deviation [IQRSD] over the 
median), generating a 3.2% hit rate.
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In this article, we have described a robust assay to screen 
compounds for the blockers of voltage-gated K+ channel 
Kv1.3. We successfully applied the assay to an HTS screen and 
the follow-up hit characterization. Membrane-potential assay 
to date is still a major assay format for assessment of K+ chan-
nel activities. Physiologically, a number of K+ channels func-
tion to modify resting membrane potential and to evoke 
downstream events thereafter. For such channels, the mem-
brane-potential assay is more physiologically relevant and 
should be a more precise and direct way to assess the com-
pound activities. On the other hand, using physiological buffer 

conditions for the assay would also shift the compound assess-
ment toward physiologically relevant hits, reducing the number 
of nonspecific responders. However, expression cell lines do 
not show significant changes in membrane potential by block-
ing exogenously expressed K+ channels, probably due to the 
endogenous membrane-potential maintaining mechanism. 
Particularly in CHO cells, ATP-dependent mechanisms help 
maintain membrane potential that could be effectively abol-
ished by application of an inorganic compound, sodium azide. 
Removing extracellular chloride further boosted the mem-
brane-potential signal, suggesting an involvement of a chloride 
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transporting system. In the optimal conditions described in this 
study, the Kv1.3 blocker-evoked signal could reach a good 
window, and the assay was robust with a Z′ factor acceptable 
for HTS. The functional model based on biophysical kinetics of 

the channel and effect of the reference compounds fit the 
experimental data very well, suggesting that in this cellular 
system under the developed conditions, the recombinant Kv1.3 
channels are solely responsible for setting up membrane  
potential.

For assessment of ion channel activities, electrophysiologi-
cal approaches are often used for validation of other assay 
formats. The data collected from the membrane-potential assay 
should be very well correlated with electrophysiology to be 
considered a robust assay. However, the model we established 
in this study suggests that the 2 assays may not generate results 
in good correlation as expected. Electrophysiology is measur-
ing compound potency on ionic current across membrane, 
whereas the FLIPR assay is detecting membrane-potential 
change by ionic accumulation. Based on this model, EC50s 
obtained from membrane-potential assay are much higher than 
the IC50s from electrophysiology for the same compound. For 
the different compounds, IC50 or EC50 obtained from these 2 
assays may not be linearly related if the compounds have dif-
ferent kinetic parameters such as the Hill coefficient (equation 
3 and Fig. 5). This has been clearly demonstrated by the 2 
example compounds, Psora-4 and MgTx, which block Kv1.3 
channels with a different Hill coefficient in electrophysiology. 
Psora-4 has a 20-fold potency difference in the 2 assays, 
whereas MgTx shows a 150-fold potency difference. The data 
modeling provides a theoretical relationship between the 2 dif-
ferent assay formats and should be potentially useful in com-
parison and interpretation of experimental data. In addition, the 
results from the modeling suggest that under the physiological 
conditions, the K+ channel blockers depolarize membrane 
potential much less potently than block K+ channel current in 
patch-clamp settings. Highly potent compounds may be needed 
to modify membrane potential significantly in target tissues as 
therapeutic agents.

The assay we developed in this study should not be limited 
to their use for Kv1.3 channels. It could be reasonably applied 
for other Kv channels that have similar activation properties. 
We did examine CHO-hKv1.5 cells and found that the assay 
performed very well (Fig. 4A). The voltage-gated K+ channels 
functioned independently of energy consumption. As one of the 
simplest chemical compounds, sodium azide can be an ideal 
agent to deplete intracellular ATP for assay simplicity. For 
many ion channels, depletion of ATP does not significantly 
modify channel activities. Sodium azide can be used in the 
assays for these channels if the intracellular ATP level is a con-
cern for assay performance. For example, in the FLIPR Ca2+ 
channel assay using Ca2+ dye, the Ca2+ signal is often transient 
despite the continuous channel activation. The quick decline  
in Ca2+ signal is attributed to the subsequent activation of 
the Ca2+ excretion process. A significant part of this process is the 
Ca2+ pump located on the cell membrane and the intracellular Ca2+ 
store. By blocking the pump activity, inclusion of sodium azide 
into the assay buffer could significantly increase the signal 
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FIG. 8. E ffect of compounds B and C on Kv1.3 current in patch-
clamp recording. (A) Current recorded from a CHO-Kv1.3 cell before 
and after incubation of compound B at 100 nM. The voltage protocol 
contained a series of 3-s voltage pulses from –40 to 40 mV in incre-
ments of 10 mV. The holding potential was at –80 mV. (B) The time 
course of the effect shown in A. The current amplitude depicted at the 
end of a single pulse at 40 mV from –80 mV applied repetitively at a 
15-s interval is plotted against time. The compound was perfused for 
5 min at the holding membrane potential of –80 mV before reapplying 
the depolarizing pulses. During the second blank period, membrane 
potential was held at –80 mV. (C) Current recorded from a CHO-Kv1.3 
cell before and after incubation of compound B at 100 nM. The volt-
age protocol was the same as in A. (D) The time course of the effect 
shown in A.
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durability and the assay window (unpublished data). The assay 
performance can be largely improved. If properly designed, 
this approach is likely used in the assays for different types of 
membrane proteins, such as GPCR.
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