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7.1
Introduction

Ion channels are pore-forming membrane proteins which enable the rapid pas-
sage (flux) of ions across cell membranes. Their ion conductivity is often highly
specific and has been used for their general classification into sodium, potassium,
calcium, chloride and nonselective cation channels. As opposed to active transport
by membrane pumps such as the Na+/K+ ATPase, ion channels allow only passive
transport of ions along a concentration gradient. Their opening and closing (‘gat-
ing’) is regulated by a range of different stimuli including transmembrane voltage,
ligand binding, mechanical stress and temperature. The first two stimuli are the
most common and therefore these membrane proteins are broadly grouped into
voltage-gated and ligand-gated ion channels.

Ion channels are central to many biological and disease processes and are parti-
cularly important for regulating electrical properties of excitable cells such as neu-
rons and myocytes. In many other cell types they contribute to important physio-
logical processes such as hormonal secretion and blood pressure regulation.
Although ion channels constitute a complex gene family one common feature is a
pore-forming region which determines ion selectivity and mediates ion flux across
cell membranes. The recent sequencing of the human genome has revealed
around 400 pore-forming ion channel genes corresponding to about 1.3% of the
human genome [1]. These pore-forming ion channel subunits (�-subunits) con-
tain a minimum of 2 trans-membrane domains, as in the case of the inward recti-
fying K+ channel Kir, and up to 24 transmembrane domains, as in the case of vol-
tage-gated Na+ and Ca2+ channels. Some K+ channels contain two pore-forming
regions in tandem. Additional complexity is generated since functional ion chan-
nels are often homo- or heteromeric protein complexes which can co-assemble
with accessory (�- and further) subunits, thus creating a vast number of physiolo-
gical ion channel complexes with different functions and pharmacology. A signifi-
cant number of disease relevant ion channels have been identified and in conjunc-
tion with novel assay technologies [2] and mechanistic insights into channel func-
tion the development of selective and state-dependent drugs is on the horizon.
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7.2
Ion Flux Assays

Activation of ion channels leads to a movement of charged molecular species
across the cell membrane. This ion flux along a concentration gradient leads to
changes in membrane potential that can be quantified by the Nernst equation
(Fig. 7.1). If ions that pass through the channel under study can be radiolabeled,
radioactive flux assays can be developed for functional analysis and screening of
these ion channels. If such ions are not available, or the use of radioactive isotopes
needs to be avoided, ions that pass through the channel can also be analyzed by
atomic absorption spectrometry, a technique traditionally used for the detection of
trace elements in environmental, biological and medical samples. In any case, a
cellular system is necessary that either natively or recombinantly expresses the
ion channel of interest. Typically, mammalian cells such as HEK293 or CHO-
K1 are employed for recombinant expression of ion channels although some
channels need other cellular ‘backgrounds’ for proper functional expression [3]
(see Chapter 4). Since functional ion flux assays represent a direct measure of
channel activity, they are robust and insensitive to disturbances. Compared to elec-
trophysiological methods which can be considered the ‘gold standard’ for func-
tional analysis of ion channels, their temporal resolution is limited to the sec-
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Fig. 7.1 In cellular systems activation of ion
channels leads to ion flux along a concentra-
tion gradient and concomitant changes in
transmembrane potential which can be quan-
tified by the Nernst equation (shown on the
right). If radioactively labeled ions are added
or if K+ or Na+ ions are exchanged with Rb+ or
Li+ (see text), changes in ion concentrations

can be determined by measurement of radio-
activity or atomic absorption spectrometry, re-
spectively. Both measurements represent the
basis for the development of functional as-
says to monitor ion channel activation.
Shown free intra- and extracellular ion con-
centrations have been taken from Ref. [12].



onds/minutes range and the membrane potential cannot be controlled precisely.
Thus, these assays cannot be employed for screening of bona fide state-dependent
ion channel modulators.

7.2.1
Radioactive Ion Flux Assays

The application of radioactive isotopes of ions that pass through the channel un-
der study – and thus can serve as tracers for these ions in cellular assay systems –
has long been used.

Radioactive isotopes of the naturally conducting ion species, such as 22Na+ [4],
45Ca2+ [5] and 36Cl– [6], can be employed as tracers as can other radioactive ion spe-
cies which are conducted by the channel. For instance, 86Rb+ has been used for
the study of potassium and nonselective cation channels [7] and 14C-guanidinium
for analysis of sodium channels [4]. Based on transmembrane concentration gra-
dient and ion conductivity (Fig. 7.1) influx of radiotracer is usually measured for
sodium, calcium and chloride channels, whereas efflux is measured for potassium
channels upon activation. Cells expressing the ion channel of interest are typically
grown in standard cell culture compatible microplates. Voltage-gated channels are
activated by adding a ‘depolarizing’ concentration of �50 mM KCl to the cell med-
ium whereas other channels are, for instance, activated by adding an appropriate
concentration of ligand. Measurement of radioactivity using standard equipment
is either carried out in the cell supernatant, the cell lysate or both matrices by
direct Cerenkov counting (e. g. 86Rb) or liquid scintillation counting (e.g. 45Ca).
Measurements of both matrices allow calculation of the relative flux of radiotracer
thus eliminating potential well-to-well differences in cell densities and tracer load-
ing.

A homogeneous radioactive ion flux assay format is possible using CytoStar-T
scintillating technology (GE Healthcare) employing �-emitting isotopes. Based on
the principles of scintillation proximity assay (SPA) technology (see Section 7.3)
each well of a special microplate is coated at the bottom with scintillant that will
only detect radioisotopes in close vicinity to it. Thus, if cells are cultured as mono-
layers on these plates and channels are activated in the presence of radiotracer,
the influx or efflux can be measured as a change of light using any plate-based
scintillation counter. With this technique, no wash steps and no separation of in-
itially applied radiotracer are necessary thus making this assay format more
amenable to the requirements of high throughput screening (HTS). A few exam-
ples of measuring influx of 14C-guanidinium for sodium channels [8], influx of
45Ca2+ for ionotropic glutamate receptors [9] and efflux of 86Rb+ for potassium
channels [10] have been described.

A major advantage of radioactive ion flux assays is that no special apparatus is
necessary if the laboratory is equipped for the measurement of radioactivity, which
is usually the case in both academic and industrial environments. The main dis-
advantage of flux assays is the use of radioisotopes which is associated with signif-
icant costs, safety hazards and environmental (e.g. disposal) problems. This is the
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main reason why radioactive ion flux assays, which were frequently used in the
1990s in the pharmaceutical industry, have largely been abandoned and replaced
by nonradioactive alternatives such as nonradioactive ion flux assays based on
atomic absorption spectrometry (Section 7.2.2) and fluorescence-based assays (see
Chapter 8).

7.2.2
Nonradioactive Ion Flux Assays based on Atomic Absorption Spectrometry

Atomic absorption spectrometry (AAS) is a well established technology, tradition-
ally used for the detection of trace elements in environmental, biological and
medical samples, that uses thermal energy to generate free ground state atoms
in a vapor phase which absorb light of a specific wavelength. In practice, atomi-
zation is achieved by spraying a sample containing the element to be measured
into the flame of the burner of an atomic absorption spectrometer. Absorption of
light, which is typically emitted by hollow cathode lamps, is measured with a
photomultiplier (Fig. 7.2). Thus, an atomic absorption spectrometer can be ima-
gined as a photometer where the cuvette is replaced by a burner generating the
flame (”flame photometry”). The law of Lambert–Beer–Bouger applies and can be
employed to determine the concentration of an element by measuring its absorp-
tion. In practice, however, this is usually done by comparing the light absorption
of a sample with a standard curve obtained under identical experimental condi-
tions.

7.2.2.1 Nonradioactive Rubidium Efflux Assay
An AAS-based rubidium efflux assay for functional analysis of potassium and
nonselective cation channels was established in the 1990s [11]. Rubidium is an al-
kali metal with atomic number 37 and an ionic radius of 1.61 Å which is not pre-
sent in eukaryotic cells. Its similarity to K+ leads to a high permeability in potas-
sium and nonselective cation channels [12]. It can easily be detected by using
atomic absorption spectrometry with a sensitivity (‘characteristic concentration’) of
0.11 mg l–1 measuring absorption at 780 nm.
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Fig. 7.2 Schematic diagram of an atomic absorption spectro-
meter. For details refer to the text.



In general, the experimental protocol for a nonradioactive Rb+ efflux assay con-
sists of two parts, cell biology and physical determination of the tracer rubidium
by AAS. First, cells expressing the ion channel under study are cultured in cell
compatible microplates and loaded with rubidium by simply exchanging potas-
sium in a cell compatible buffer solution with the same concentration of rubi-
dium. This loading phase, which is usually finished within 2–4 h, can be inhib-
ited by the cardiac glycoside oubain, pointing to the involvement of Na+/K+-AT-
Pases in transporting Rb+ into the cells. Prior to starting efflux experiments it is
necessary to remove excess Rb+ by a series of quick wash steps with buffer con-
taining KCl. The frequency and buffer volumes used for these wash steps mainly
depend on the cell type, cell density, microplate formats and washing devices em-
ployed and should be optimized on a case-by-case basis since appropriate removal
of excessive Rb+ is essential in order to obtain good signal-to-background ratios.
Activation of the ion channel under study leads to Rb+ efflux into the cell superna-
tant due to the established concentration gradient for this tracer ion (see also Fig.
7.1). For voltage-gated potassium channels activation can be achieved by adding a
depolarizing concentration of KCl (typically �50 mM) to the cells and for ligand-
gated channels by adding an appropriate concentration of ligand. The incubation
time with the channel activator has to be optimized empirically in order to achieve
optimal efflux results but in most cases a period of �10 min is sufficient. When
compounds are screened for channel blocking effects they should be added prior
to channel activation (e.g. 10 min) because of kinetic considerations. Cell super-
natants which contain the ‘effluxed’ Rb+ are removed and collected along with the
cell lysates. Both of these Rb+-containing matrices can be stored at room tempera-
ture prior to AAS analysis which is not disturbed by cell debris.

In principle, rubidium determinations can be carried out with any type of flame
atomic absorption spectrometer and measurements should be carried out accord-
ing to the instructions of the manufacturer. The recent development of an innova-
tive AAS instrument for ion channel analysis (ICR 12000, Aurora Biomed Inc.,
Vancouver, Canada), featuring a sophisticated microsampling process utilizing 96-
or 384-well microplates and simultaneous measurements of 12 samples at a time,
allows the measurement of up to 60 000 samples per day (http://www.aurorabio-
med.com/ICR12000.htm), making the nonradioactive Rb+ efflux assay compatible
with the throughput requirements of HTS in drug discovery.

Typically, the relative amount of rubidium in the supernatant is calculated as
[Rb in supernatant/Rb in supernatant + Rb in cell lysate] thus eliminating poten-
tial well-to-well differences in cell densities and Rb+ loading. This relative rubi-
dium efflux is a robust and direct measure of ion channel activity and a �twofold
increase of Rb+ efflux upon channel activation over basal efflux levels is usually
sufficient for the configuration of good quality HTS assays [13] since the standard
deviations for rubidium measurements by AAS are low [11]. If sample throughput
needs to be increased, under highly standardized experimental conditions it
might be possible to measure rubidium only in the supernatant.

The following assay protocol for the analysis of calcium-activated BKCa channels
[14] stably expressed in mammalian CHO-K1 cells was successfully used for func-
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tional selection of stable recombinant clones expressing this ion channel and sub-
sequent screening for the identification of channel modulators. This protocol can
serve as a basis for the development of such assays for other potassium and non-
selective cation channels.

Cells are grown at 37 �C in 96-well cell culture compatible microplates for 48 h
to a final cell density of about 1�104 cells per well in standard cell culture med-
ium. After aspirating the medium, 0.2 ml cell buffer containing RbCl is added
(5.4 mM RbCl, 150 mM NaCl, 2 mM CaCl2, 0.8 mM NaH2PO4, 1 mM MgCl2,
5 mM glucose, 25 mM HEPES, pH 7.4) and cells are incubated for 4 h at 37 �C.
Cells are then quickly washed three times with buffer (same as above, but contain-
ing 5.4 mM KCl instead of RbCl) to remove extracellular Rb+. Subsequently,
0.2 ml buffer containing a saturating concentration of 25 µM of the Ca2+ specific
ionophore A23187 (Fig. 7.3) is added to the cells in order to activate BKCa channels
via a ‘molecular Ca2+ injection’ and after incubation for 10 min the supernatant is
carefully removed and collected for rubidium measurements. Cells are lysed by
the addition of 0.2 ml 1% Triton X-100 and also collected for rubidium determina-
tions. AAS measurements are carried out with a flame atomic absorption spectro-
meter following the instructions of the manufacturer. The stimulated relative Rb+

efflux [Rb in supernatant/Rb in supernatant + Rb in cell lysate] with these recom-
binant cells amounts to 80 % (Fig. 7.4), which represents a five-fold increase over
basal conditions. The specificity of the induced Rb+ efflux is further demonstrated
by the use of the specific BKCa channel ligand iberiotoxin isolated from the scor-
pion Buthus tamulus [15] which blocks the channel in a concentration-dependent
manner with an IC50 of 15 nM (Fig. 7.5). If this protocol is used for the analysis of
other potassium or nonselective cation channels, channel activation and specifi-
city analysis have to be adapted appropriately.

In addition to the above mentioned example, a screening assay was developed
for blockers of BKCa channels (Table 7.1) recombinantly expressed in HEK293
cells [16]. The diphenylurea analogue NS1608 was used to activate the channels
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Fig. 7.3 Activation of BKCa channels
recombinantly expressed in CHO-
K1 cells with increasing concentra-
tions of the calcium-specific iono-
phore A23187 leads to increasing
Rb+ efflux. For details refer to the
text.



leading to a three- to four-fold Rb+ efflux which was completely blocked by the spe-
cific ligand iberiotoxin (IC50 = 12 nM). A pharmacological profile obtained with a
series of known openers and blockers of BK channels compared very well with re-
sults obtained with a radioactive 86Rb efflux assay [16], demonstrating the utility
of the nonradioactive Rb+ efflux assay for high throughput screening campaigns
as well as SAR studies.

SK3 channels (Table 7.1) are one of three members of small conductance cal-
cium-activated potassium (SKCa) channels [17] which are all activated by submi-
cromolar increases in intracellular Ca2+ concentration mediated by calmodulin
[18]. SK3 channels were recombinantly expressed in HEK293 cells [19] and the
above described assay protocol was employed, activating channels by increasing
intracellular Ca2+ concentrations with thapsigargin, an inhibitor of endoplasmatic
Ca-ATPase which leads to a release of Ca2+ from intracellular stores (Fig. 7.6). Cal-
cium activation of SK3 channels led to a two- to three-fold Rb+ efflux which could
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Fig. 7.4 The Rb+ efflux induced with
25 �M of the ionophore A23187 is not
observed in CHO-K1 cells which were
used to generate the recombinant BKCa

channel expressing cell line. For details
refer to the text.

Fig. 7.5 Rb+ efflux induced with 25 �M
of the ionophore A23187 in recombinant
CHO-K1 cells expressing BKCa channels
is inhibited in a concentration-depen-
dent manner with the selective ligand
iberiotoxin. For details refer to the text.



be completely blocked with the specific SK channel ligand apamin, a peptide pre-
sent in bee venom toxin.

Nonradioactive Rb+ efflux assays were developed for several recombinantly ex-
pressed voltage-gated potassium channels (Table 7.1). In the case of Kv1.1 and
Kv1.4 channels expressed in HEK293 cells, activation with 50 mM KCl led to a
less than twofold Rb+ efflux in 10 min, which was blocked by the nonspecific po-
tassium channel blocker TEA [11]. The relatively low KCl-induced Rb+ efflux
which was attributed to low expression levels and/or inactivation properties of the
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Table 7.1 Published examples of recombinant ion channels that have
been analyzed employing nonradioactive Rb+ efflux assay technology.

Voltage-gated Ca2+-activated Ligand-gated nonselective
K+ channels K+ channels cation channels

Kv1.1 SKCa (SK3) Nondisclosed nonselective
cation channel

Kv1.3 BKCa

Kv1.4
Kv1.5
Kv7.2 (KCNQ2)
Kv7.2/3 (KCNQ 2/3)
Kv11 (hERG)

Fig. 7.6 Recombinant HEK293 cells expressing SK3 channels
are activated by thapsigargin, an inhibitor of endoplasmatic Ca-
ATPase which leads to release of Ca2+ from intracellular stores.
Rb+ efflux as measure of channel activity is completely blocked
by the SK channel selective ligand apamin. For details refer to
the text.



channels was not sufficient to configure a robust screening assay. More recently,
an assay was described for Kv1.3 channels expressed in CHO-K1 cells (http://
www.aurorabiomed.com/New-Pro/CHO_Kv13_CellLine.pdf). Depolarization with
63 mM KCl led to a fourfold Rb+ efflux in 15 min which could be blocked with an
IC50 value of 0.66 nM by Agitoxin-2, a peptide blocker isolated from the venom of
the scorpion Leiurus quinquestriatus. Although no further details were disclosed,
the generation of a Kv1.5 expressing cell line for the establishment of a Rb+ efflux
assay was noted by Merck Research Laboratories at an ion channel conference in
2004 (http://www.aurorabiomed.com/retreat2004.htm). For Kv7.2 (KCNQ2) chan-
nels stably expressed in HEK293 cells stimulation with 50 mM KCl led to a four-
fold Rb+ efflux [20]. Calculated Z’ factors [13] were 0.73 for a 96-well plate format
and 0.6 for a 384-well format, respectively, indicating the high suitability for
screening and SAR studies. The pharmacological profile of Kv7.2 defined by elec-
trophysiology was faithfully reflected by the Rb+ efflux assay which allowed mea-
suring 1000 data points per day in a 96-well plate format [20]. For the identifica-
tion of heteromeric Kv7.2/3 (KCNQ2/3) channel (M-current) modulators a recom-
binant CHO-K1 cell line expressing these channels was employed [21]. Channels
were activated with 20 mM KCl in the presence of the channel opener Way-1 and
an average Z’ value of 0.81 for the 96-well format was calculated from a total of 20
experiments. A throughput of about 40 compounds per day for obtaining EC50 va-
lues (8-point curves) was achieved if AAS determinations of rubidium were only
carried out in cell supernatants which gave results consistent with calculating rela-
tive Rb+ efflux by measuring rubidium contents in both supernatants and cell ly-
sates. Specificity was demonstrated by using the known M-current blocker linopir-
dine which inhibited Rb+ efflux with an IC50 of 2.85 �M, a value in close agree-
ment with results obtained from electrophysiological analysis.

The voltage-gated potassium channel Kv11 (hERG) seems to be particularly sus-
ceptible to inhibition by many xenobiotics and drugs leading to potentially lethal
arrhythmias [22]. In fact, several drugs have recently been withdrawn from the
market due to hERG channel activity. Thus, in drug discovery hERG channel liabi-
lity of novel compounds is a major concern. A nonradioactive Rb+ efflux assay was
developed using hERG channels stably expressed in CHO-K1 cells [23]. Channels
were activated by addition of 50 mM KCl for 10 min which resulted in an about
two-fold Rb+ efflux. Although the signal-to-background ratio was relatively low, a
Z’ value of 0.53 was calculated for a 96-well plate format thus meeting HTS stan-
dards. A pharmacological characterization employing a series of known hERG
channel blockers (dofetilide, terfenadine, sertindole, astemizole, cisapride)
showed the same rank order of potency as electrophysiology. Absolute IC50 values
were 5–20-fold higher when compared to electrophysiological results obtained
with mammalian cells but were similar to data in Xenopus oocytes. These results
indicate the suitability of the Rb+ efflux assay for hERG compound profiling. A si-
milar recombinant cell line was also employed by AstraZeneca who disclosed
results at an ion channel conference in 2003 (http://www.aurorabiomed.com/
main-1.htm). In this case, a four-fold Rb+ efflux was measured in a 384-well plate
format after 30 min incubation with 50 mM KCl. The calculated Z’ value was
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�0.5 utilizing the ICR 12000 atomic absorption spectrometer (Aurora Biomed,
Vancouver, Canada).

Studies on native ligand-gated nonselective cation channels (nicotinic acetyl cho-
line receptors and purinergic P2X receptors) in PC12 cells have also been described
[11]. The development and application of nonradioactive Rb+ efflux assays for such
recombinantly expressed ion channels has, however, yet to be fully described. In a
recent presentation from Amgen at an ion channel conference in 2003a Rb+ efflux
assay for a non-disclosed ligand-gated cation channel expressed in CHO-K1 cells
was overviewed (http://www.aurorabiomed.com/main-1.htm). Exposing the re-
combinant cells to 3–10 �M of a nondisclosed agonist resulted in an about four-fold
Rb+ efflux. This efflux was blocked by a nondisclosed antagonist with an IC50 of
344 nM which was in very good agreement with electrophysiological results, again
demonstrating the reliability of such functional ion flux assays.

7.2.2.2 Nonradioactive Lithium Influx Assay
Due to the high sensitivity of AAS for the determination of Li+ ions (0.035 mg l–1),
influx experiments for screening of sodium channels which display a high conduc-
tivity for Li+ [12] should also be possible. Although no data have been published yet
in scientific journals, at an ion channel conference in 2003 promising results ob-
tained with SH-SY5Y cells were presented by AstraZeneca (www.aurorabiomed.-
com/main-1.htm). Cells were differentiated for 3–5 days with retinoic acid which in-
duces the expression of tetrodotoxin-sensitive voltage-gated sodium channels. Cells
were washed with buffer in which NaCl was replaced with choline chloride in order
to remove free Na+. After incubation for 10 min at 37 �C in wash buffer, cells were
treated with 5.4 mM KCl (basal) or 120 mM KCl (depolarization) in buffer contain-
ing LiCl for 15 min. After three wash steps at room temperature, cells were lysed
with 1% Triton X-100 and cell lysates analyzed for Li+ concentrations with AAS. Un-
der these conditions, a three-fold Li+ influx over basal levels was obtained which
could be completely blocked by preincubation for 5 min with 1 �M tetrodotoxin. Re-
sults obtained with recombinantly expressed sodium channels are awaited.

7.2.2.3 Nonradioactive Chloride Influx Assay
A more indirect application of AAS-based methods for analysis of ion channels
was briefly noted for the investigation of chloride channels [24]. In this case, Cl–

flux is measured after precipitating these ions with silver nitrate as AgCl and de-
termining free silver by AAS. The utility of this indirect method remains to be es-
tablished.

7.2.2.4 Conclusions
Taken together, nonradioactive ion flux assays based on AAS have largely dis-
placed radioactive flux assays in drug discovery [25]. These assays represent a di-
rect measure of channel activity, are HTS compatible if special equipment is used
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and do not require radioactive isotopes. To date, their application has mainly been
limited to the functional analysis and screening of potassium and nonselective ca-
tion channels. As compared to the ‘gold standard’ electrophysiology their temporal
resolution is relatively low (seconds–minutes) and the transmembrane potential
cannot be controlled precisely. Compared to other screening technologies such as
fluorescence-based methods, these robust assays are less prone to identifying
‘false positive’ hits in drug screening programs and are thus highly reliable.

7.3
Ligand Binding Assays

Binding assays employing radiolabeled ligands have a long tradition in the study
of receptors. For the investigation of ion channels, in particular for drug screening
purposes, these assays were frequently used in the 1980s/1990s before more infor-
mation-rich functional cell-based assays became available. The use of radiolabeled
neurotoxins has revealed the existence of multiple binding sites for sodium chan-
nels [26] whereas the use of radiolabeled glibenclamide has been instrumental for
the discovery of first and second generation sulfonylurea compounds (blockers of
KATP channels) for treatment of type-2 diabetes [27]. More recently, radioligand
binding assays have also been employed to investigate a potential hERG (Kv11)
channel activity of novel compounds (see above) which might lead to potentially
lethal arrhythmias [22]. The known hERG channel blockers dofetilide and MK-
499 were used in tritiated form and as a 35S analogue, respectively, to identify a
hERG liability of compounds [28].

For the configuration of radioligand binding assays a radiolabeled ligand bind-
ing to the ion channel under study is necessary. Table 7.2 summarizes major ion
channel radioligands that have been described to date. Furthermore, a source of
the channel is also needed which can be organs, tissues or cells. Although binding
assays can be performed with living cells cultured in microplates [3], usually cell
membranes are prepared and utilized since they can be stored at –80 �C and are
much easier to handle. In saturation experiments the affinity (Kd) of a radioactive
ligand for the ion channel is determined whereas in competition (displacement)
experiments the affinity of unlabeled ligands (Ki) is measured [29]. For screening
purposes, which aim at the identification of novel chemical entities acting on ion
channels, displacement experiments are carried out which can identify com-
pounds that bind to the same site as the radioligand or sites allosterically coupled
to it. Thus, such assays do not provide bona fide information about the effects of
compounds on channel function. Usually the concentration of a compound neces-
sary to displace 50 % of the radioligand (IC50 value) is determined as a measure of
the compound’s affinity for the channel. If Ki values are necessary, these can be
calculated from IC50 values by using the Cheng–Prusoff equation [30]. Despite
their ease and compatibility with the requirements of HTS, such ligand binding
assays suffer from the need for radioisotopes such as 3H and 125I and the asso-
ciated costs, safety hazards and environmental (e. g. disposal) problems.
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Table 7.2 Major ion channel radioligands.

Channel Type Radioligand Ref.
/Current

calcium

Cav 1 L [3H]-isradipine
[3H]-devapamil
[3H]-diltiazem
[3H]-DTZ323

37–39

Cav 2 P/Q
N

[125I]-�-conotoxin GVIA
[125I]-�-conotoxin MVIIC

40–42

sodium

Nav [3H]-saxitoxin
[3H]-batrachotoxin
[125I]-scorpion toxins
[3H]-tetrodotoxin
[3H]-brevetoxin
[3H]-PbTx-3

43–49

potassium

Kv 1 Shaker-related [125I]-DT
[125I]-BgK
[125I]-DTX
[125I]-HgTX1
[125I]-MgTx

50, 51

Kv 11 erg [3H]-astemizole
[3H]-dofetilide

52, 53

Kir 6 ATP-sensitive
potassium
channel

[3H]-glibenclamide
[125I]-glibenclamide
[125I]-A312110
[3H]-PKF217–744

54, 55

KCa 1 BK [125I]-charybdotoxin
[125I]-iberiotoxin
[19F]-BMS204352

56–58

KCa2 SK [125I]-apamin 59

nicotinic AChR [3H]-nicotine
[3H]-epibatidine
[3H]-cytisine
[3H]-MLA
[3H]-bungarotoxin
[3H]-tetracaine
[3H]-TCP
[3H]-ethidium
[14C]-amobarbital
[125I]-TID

60–63



Although many fluorescent-labeled ligands for ion channels, in particular pep-
tide ligands, are commercially available or could easily be synthesized, to date li-
gand binding assays for screening purposes have largely been limited to using
radiolabels due to the often reduced affinity of fluorescent-labeled ligands.

7.3.1
Heterogeneous Binding Assays Employing Radioligands

Since ion channels are integral membrane proteins, a suitable ion channel con-
taining membrane preparation has to be obtained. Nowadays, recombinant cell
lines expressing the ion channel under study are often employed due to the high
ion channel densities that can be achieved. After incubating the membrane pre-
paration with a high affinity radioligand (�nM), which should exhibit a high spe-
cific radioactivity (�30 Ci mmol–1), until equilibrium has been reached (typically
minutes to hours), channel-bound radioligand is quickly separated from free
radioligand, usually by filtration and washing. For screening assays typically glass
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Table 7.2 (continued)

Channel Type Radioligand Ref.
/Current

glutamate NMDA [3H]-MK801 64

AMPA [3H]-AMPA
[3H]-LY395153
[3H]-Ro48–8587

65–67

Kainate [3H]-kainic acid
[3H]-NBQX

68, 69

[3H]-L-glutamate
[3H]-CPP

70, 71

GABAA [3H]-BIDN
[3H]-muscimol
[3H]-SR 95531
[3H]-flunitrazepam
[3H]-zolpidem
[3H]-Ro151788(flumazenil)
[3H]-TBPS
[3H]-Ro15–4513
[3H]-indiplon

72, 73

5HT3 [3H]-zacopride
[3H]-BRL 43694
[3H]-GR65630
[3H]-LY278584

74

glycine [3H]-strychnine 75



fiber filter-mounted 96- or 384-well plates are utilized which retain ion channel-
bound radioactivity on the filter. Subsequently, filter-bound radioactivity is mea-
sured using scintillation or �-counting, depending on the isotope used. If com-
pounds are screened in displacement experiments they are usually added to the
channel preparation during the incubation phase. Plotting bound radioactivity
(e.g. bound cpm) against the concentration of displacing compound allows easy
calculation of an IC50 value for this compound as measure of its affinity for the
channel. The GraphPad Prism software (GraphPad Software Inc., San Diego)
which was developed for analysis of radioligand binding is most useful for data
analysis and visualization.

The bee venom peptide toxin apamin is a high affinity ligand of small conduc-
tance calcium-activated potassium (SK) channels which are expressed in the cor-
tex of rat brain [19]. The following protocol which was successfully applied for the
characterization of SK channels can also serve as the basis for the configuration of
other ligand binding assays with a filtration step for removing free ligand. All
steps of tissue preparation were performed at 4 �C unless otherwise indicated.
Cerebral cortex from rats was homogenized in 10 volumes of ice cold buffer solu-
tion [0.32 M sucrose, 5.4 mM KCl and 25 mM HEPES pH 7.0 supplemented with
a protease inhibitor cocktail (CompleteTM, Roche)] using a glass/teflon homogeni-
zer (1000 g min–1 for 12 cycles). The homogenate was centrifuged at 1000g for
10 min and the supernatant re-centrifuged at 48 000g for 20 min. The resultant
pellet was washed twice with the above solution without sucrose. The final pellet
was re-suspended in this buffer and the membrane suspension divided in aliquots
and stored frozen at –80 �C until further use. [125I]-Apamin binding experiments
were performed in 20 mM HEPES, 5.4 mM KCl, 0.2% BSA (pH 7.4) using
200 pM radioligand (specific activity 81.4 TBq mmol–1) and 70 µg protein equiva-
lent of rat cortex membrane preparations in a total volume of 500 µl per test tube.
Nonspecific binding was determined in the presence of an excess of 1 µM unla-
beled apamin. For displacement experiments the respective concentrations of
compounds to be tested were added to the test tubes. After incubation for 60 min
at 4 �C unbound radioligand was removed by rapid filtration through glass fiber
filters (Whatman GF/C filters, pre-soaked in 0.3% polyethyleneimine for 1 h) uti-
lizing a cell harvester (Brandel) followed by three wash steps with ice-cold buffer.
Filters were placed in scintillation vials with 3.5 ml scintillation cocktail (Filter
CountTM, Packard) and bound radioactivity was measured using a �-counter
(Packard).

7.3.2
Homogeneous Binding Assays Employing Radioligands

In order to avoid the separation of bound from free radioligand and associated
necessary wash steps, a homogeneous assay format was developed which is more
compatible with the requirements of HTS, largely due to reduced complexity of
the experimental protocol (‘mix & measure’). This scintillation proximity assay
(SPA) format [31] is based on solid microspheres (‘beads’) containing scintillant
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which are chemically modified at their surfaces to enable the coupling of mole-
cules (Fig. 7.7). A commonly used bead type for applications with receptors and
ion channels contains the lectin wheat germ agglutinin (WGA) at the surface
which immobilizes membrane preparations by binding to glycosyl residues [32].
If a specific radioligand is added, it will bind to the ion channel contained in the
immobilized membrane fraction and hence its emitted radiation will be in close
enough proximity to activate the scintillant. The resulting emission of light
around 400 nm (Fig. 7.7) can be measured with a scintillation counter. The energy
released from unbound free radioligand is absorbed by the aqueous environment
before it reaches the bead and hence does not activate the scintillant (Fig. 7.7).
Since �-particles emitted by 3H and Auger electrons released from 125I have very
short pathlengths in aqueous environments (<1 �m and about 17 �m), radio-
ligands labeled with these isotopes are best suited for these assays. Due to their
homogeneous format such assays can easily be automated and adapted to 384-
well and higher density microplate formats which makes it especially useful for
HTS. One disadvantage of ‘homogeneity’ is assay interference of test compounds
due to quenching, which leads to reduced scintillation counting efficiency and
hence reduced assay signals. In particular, yellow colored compounds will lead to
quenching of the blue light emitted from the beads. A ‘second generation’ type of
beads (SPA Imaging Beads, GE Healthcare) which contain a different scintillant
that produces a red-shifted signal has been developed in order to avoid such
quenching problems.

The protocol described below was routinely employed for the characterization
of SK channels (Fig. 7.8) and serves as a basis for the development of other SPAs.
Cell membranes were prepared from recombinant HEK293 cells stably expressing
SK3 channels [18] by detaching cells cultured in 175 cm2 T-flasks by PBS/EDTA
treatment, homogenization with a Polytron at full speed for 3 bursts of 10 s in
25 mM HEPES, pH 7.4 supplemented with 5.4 mM KCl (SPA buffer) and centri-
fugation for 30 min at 48 000 g. Membrane pellets were re-suspended in SPA buf-
fer (1–2 ml per 175 cm2 T-flask) and membrane suspensions stored as aliquots at
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Fig. 7.7 Schematic diagram of SPA technology. Left: Binding of
radioligand to an ion channel immobilized at the bead surface
leads to light emission via the scintillant incorporated in the
beads. Right: Free radioligand is not in close enough proximity
to the beads and hence does not stimulate light emission.



–80 �C until further use. Binding experiments were carried out in 96-well micro-
plates in a final volume of 200 �l using 10 pM [125I]-apamin and 15 �g per well of
SK3 channel containing membrane preparation. Each well also contains 1 mg of
WGA-coated SPA beads (GE Healthcare). Nonspecific binding was determined in
the presence of 1 �M unlabeled apamin. For displacement experiments the re-
spective concentrations of compounds to be tested were added to the wells. After
15 min of incubation at room temperature with gentle shaking, the microplates
were left to stand over night. Subsequently, bound radioactivity was measured
with a �-counter (TopCount, Packard).

7.3.3
Homogeneous Binding Assays Employing Fluorescent-Labeled Ligands
and Fluorescence Polarization

Since bound and free ligands show differences in molecular rotation, binding as-
says employing fluorescent-labeled ligands can be configured using fluorescence
polarization. This read-out system is a well established analytical technique in the
field of diagnostics [33]. The principle of this method is based on the observation
that excitation of a fluorophore with polarized light leads to the emission of light,
which will retain the initial degree of polarization depending on the rotation that
occurred during the fluorescence lifetime, typically on the nanosecond time scale
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Fig. 7.8 [125I]-apamin binding to membranes prepared from re-
combinant HEK293 cells expressing SK3 channels analyzed em-
ploying an SPA format. (A) total binding (TB) and nonspecific
binding (NSB) measured in the presence of 1 �M unlabeled apa-
min, (B) the concentration-dependent displacement of [125I]-
apamin binding to SK3 channels by the antidepressant drug
fluoxetine.



[34]. At constant temperature and viscosity, the rotational relaxation time of a mo-
lecule is directly proportional to its molecular volume. Hence, if a fluorescent-
labeled ligand binds to a macromolecular receptor the increase in molecular vol-
ume and concomitant decrease in rotation result in an increase in fluorescence
polarization which can be measured. Advances in appropriate instrumentation
over the last ten years have enabled the configuration of assays employing 96- and
384-well microplate formats. A fluorescence polarization reader can be imagined
as a standard filter fluorometer with the addition of polarizing filters for the gen-
eration and detection of polarized fluorescence light. Samples are excited with po-
larized light and the emitted light is passed through both horizontal and vertical
polarizing filters, prior to detection with a photomultiplier. Hence, the degree of
polarization of the emitted light is determined in form of a ratiometric measure-
ment, thus eliminating interferences such as ‘inner filter effects’. Although di-
mensionless numbers are the result of such measurements, the unit P (polariza-
tion unit) was introduced for convenience and fluorescence polarization readers
usually present numbers as milli P (mP).

Since fluorescence polarization is a homogeneous ‘mix and measure’ technol-
ogy, it can easily be automated. For screening purposes assays are usually carried
out in the form of competition (displacement) binding experiments (see above),
determining the decrease in fluorescence polarization as a function of the concen-
tration of competing compounds to be identified. Although significant improve-
ments in the sensitivity of instrumentation have been achieved, high expression
levels of receptors (�1 pmol (mg protein)–1) and high ligand binding affinities
(Kd � 10 nM) are still necessary in order to configure robust fluorescence polari-
zation assays. To date binding assays employing fluorescence polarization have
not been widely used for the analysis of ion channels [35]. The main reason for
this is that fluorescent labels such as fluorescein, Bodypy, Texas RedTM, Oregon
Green and Rhodamine RedTM are quite bulky chemical entities whose attach-
ment to ligands often results in steric hindrance and concomitant reduction of
binding affinity [36]. Moreover, coupling chemistry of such fluorescent labels for
peptide ligands is quite advanced whereas considerable efforts might be necessary
to create fluorescent derivatives of small organic molecules. In addition, since a
substantial fraction of the fluorescent ligand needs to be bound in order to config-
ure a robust fluorescence polarization assay, this might lead to significant ligand
depletion and thus affect measured absolute IC50 values [35].

7.3.4
Conclusions

For primary drug screening purposes aimed at identifying novel active chemical
molecules, ligand binding assays have largely been abandoned in favor of func-
tional cell-based assays (see above and Chapters 6 and 8). The main reason for
this is the limited information content of such assays which allows no distinction
between agonists and antagonists. Moreover, compounds identified in binding as-
says will typically reflect the mode of action of the ligand used. Thus, compounds
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with novel mechanisms of channel modulation cannot be readily identified. A
more technical limitation relates to the fact that for many ion channels there are
no selective high-affinity ligands.

Nowadays, ligand binding assays are more often employed as secondary assays
in screening cascades in order to compare the molecular pharmacology of new
compounds with known ligands of the channel. Furthermore, the mode of action
of new compounds can be investigated if they can be labeled and used as ligands
in binding assays themselves. This might also support the molecular and struc-
tural characterization of the ion channel under study since new active binding
sites might be identified. The latter aspects may become increasingly important
as more ion channel structures and novel modulators are discovered, and guaran-
tee that ligand binding assays will remain an important tool for ion channel analy-
sis.
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