
THEMED SECTION: QT SAFETY

RESEARCH PAPER

Pharmacological and electrophysiological
characterization of nine, single nucleotide
polymorphisms of the hERG-encoded
potassium channelbph_334 102..114

R Männikkö1, G Overend1, C Perrey1, CL Gavaghan2, J-P Valentin1, J Morten1, M Armstrong1

and CE Pollard1

1AstraZeneca R&D Alderley Park, Macclesfield, UK, and 2AstraZeneca R&D Mölndal, Pepparedsleden 1 431 83,
Mölndal, Sweden

Background and purpose: Potencies of compounds blocking KV11.1 [human ether-ago-go-related gene (hERG)] are com-
monly assessed using cell lines expressing the Caucasian wild-type (WT) variant. Here we tested whether such potencies would
be different for hERG single nucleotide polymorphisms (SNPs).
Experimental approach: SNPs (R176W, R181Q, Del187-189, P347S, K897T, A915V, P917L, R1047L, A1116V) and a binding-
site mutant (Y652A) were expressed in Tet-On CHO-K1 cells. Potencies [mean IC50; lower/upper 95% confidence limit (CL)] of
48 hERG blockers was estimated by automated electrophysiology [IonWorks™ HT (IW)]. In phase one, rapid potency
comparison of each WT-SNP combination was made for each compound. In phase two, any compound-SNP combinations
from phase one where the WT upper/lower CL did not overlap with those of the SNPs were re-examined. Electrophysiological
WT and SNP parameters were determined using conventional electrophysiology.
Key results: IW detected the expected sixfold potency decrease for propafenone in Y652A. In phase one, the WT lower/upper
CL did not overlap with those of the SNPs for 77 compound-SNP combinations. In phase two, 62/77 cases no longer yielded
IC50 values with non-overlapping CLs. For seven of the remaining 15 cases, there were non-overlapping CLs but in the opposite
direction. For the eight compound-SNP combinations with non-overlapping CLs in the same direction as for phase 1, potencies
were never more than twofold apart. The only statistically significant electrophysiological difference was the voltage depen-
dence of activation of R1047L.
Conclusion and implications: Potencies of hERG channel blockers defined using the Caucasian WT sequence, in this in vitro
assay, were representative of potencies for common SNPs.
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Introduction

Drug-induced prolongation of ventricular cell cardiac action
potentials is manifested on an electrocardiogram as a prolon-
gation of the QT interval, an effect that is associated with a
potentially fatal cardiac arrhythmia called Torsades de Pointes
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(TdP). Evidence of a risk of TdP has led to the withdrawal of a
number of medicines from the market (Shah, 2005) and to
regulatory concern culminating in both pre-clinical and clini-
cal guidance documents (Anon., 2005a,b). In particular, the
consequences for drug development of a compound prolong-
ing the QT interval in man in the so-called ‘thorough QT/QTc
study’ make it imperative that during the drug discovery
phase, the risk of prolongation of the QT interval is
minimized.

It is widely accepted that for most compounds the
primary molecular mechanism for QT interval prolongation
is direct inhibition of the rapid component of the delayed
rectifier potassium current (IKR), which plays a key role in
ventricular cell action potential repolarization. It is a logical
undertaking, therefore, to test compounds for IKR inhibition
early in the drug discovery process and, where possible, to
eliminate any activity, by design. This is likely to be done
using heterologous systems expressing a single genetic
variant of the human ether-a-go-go-related gene (hERG) that
encodes the pore-forming a sub-units of the channel
complex carrying IKR. The channel is normally expressed
from a clone containing the consensus wild-type (WT) Cau-
casian hERG sequence as used in the seminal work on this
channel type (Trudeau et al., 1995; 1996). These hERG-
expressing cell lines or their membrane fragments can then
be used in assays that directly or indirectly measure com-
pound potency/affinity.

Several literature-based exercises have confirmed what is
intuitively obvious about the relationship between plasma
exposure levels for clinical efficacy, hERG potency and the risk
of TdP. Namely, that in general, the larger the safety margin
between systemic exposure in man and potency at hERG, the
lower the risk of TdP (Cavero et al., 2000; Kang et al., 2001;
Webster et al., 2002; Redfern et al., 2003; De Bruin et al.,
2005). Furthermore, these authors have tried to quantify a
suitable safety margin in order to provide a target value for
those aiming to screen-out hERG activity. This is an impor-
tant concept given that the pharmacophores for this channel
type are promiscuous and that the physicochemical proper-
ties of compounds that inhibit the hERG channel match
those often associated with favourable pharmacokinetic prop-
erties. In other words, designing hERG-inactive compounds
with good drug-like properties will be difficult in some chemi-
cal areas, thus leading to a reliance on a wide safety margin to
diminish the risk of hERG activity.

In applying this rational and quantitative approach to
minimizing risk of QT interval prolongation, there is however
an assumption. This is, that the pharmacology of the channel
encoded by the Caucasian WT sequence is the same as that of
genetic variants of the channel that may exist in clinical trial
participants and will exist in large, post-marketing patient
populations. Of particular concern is the possibility that a
drug could be significantly more potent at hERG in a patient
expressing a genetic variant of the WT channel, thus poten-
tially posing an unexpectedly high risk of QT interval prolon-
gation. The primary purpose of this study was therefore to
determine whether the pharmacology of the channel was
different when it was encoded by nine single nucleotide poly-
morphisms (SNPs) of hERG. The SNPs in this study are found
in individuals with normal QT intervals in the absence of

hERG-blocking drugs (i.e., they are not SNPs leading to the
congenital form of long QT), although some of them have
been linked with drug-induced long QT syndrome (Swan
et al., 1999; Iwasa et al., 2000; Splawski et al., 2000; Larsen
et al., 2001; Jongbloed et al., 2002; Yang et al., 2002; Acker-
man et al., 2003; Paulussen et al., 2004; Aydin et al., 2005;
Crotti et al., 2005; Mank-Seymour et al., 2006). One of the
‘SNPs’ studied is a three amino acid in-frame deletion
(Delta187–189).

As part of this work, we also characterized the basic elec-
trophysiological properties of the hERG SNP-encoded chan-
nels as any significant differences compared with WT would
represent important information about the physiological con-
sequences of a given SNP in the general population. This was
also done in case any pharmacological differences were, in
fact, indirect effects resulting from an alteration in, for
example, channel inactivation (Zhang et al., 1999). Some of
the data have already appeared in preliminary form (Männi-
kkö et al., 2006).

The data suggest that compound potencies defined using
the Caucasian WT sequence, at least in this in vitro system, are
representative of potencies for these relatively common SNPs.

Methods

Choice of compounds to determine pharmacology
To avoid generating data based on compounds with very
similar structural and physiochemical properties, a panel of
48 compounds was selected in a way that ensured as much
diversity as possible.

The starting point was the list of compounds reported by
Redfern et al. (2003) to be hERG-encoded channel blockers
from all the categories of torsadogenic risk. The remainder
were chosen either because they are reported as having
unusual mechanisms of action [fluvoxamine (Milnes et al.,
2003) and d-norpropoxyphene (Ulens et al., 1999)] or, in the
case of moxifloxacin, because it is frequently used as a posi-
tive control in the so-called ‘Thorough QT/QTc study’ in man.

We checked that the 48 compounds selected were diverse in
terms of both their physicochemical properties and their
structure. The former was determined by projecting the com-
pounds into a drug-like chemical space representing molecu-
lar diversity, referred to as chemical global positioning system,
and checking that their positioning was distributed in differ-
ent areas of this reference system (Oprea and Gottfries, 2001).
The drug-space map co-ordinates are scores, extracted from a
principal component analysis (PCA) model of chemical prop-
erties describing size, lipophilicity, polarisability, charge, flex-
ibility, rigidity and hydrogen bond capacity, and represent a
diverse range of molecular structures for monocarboxylates,
heteroaromatic compounds and a-amino acids. PCA enables
the relationships between observations and variables to be
uncovered and was used in this analysis to examine the rela-
tionship between the test compounds and their molecular
properties. The principal components can be displayed
graphically to uncover trends or groupings in either the obser-
vations (by plotting the principal component scores) or the
variables (by plotting the principal component loadings). By
plotting the scores of the first three principal components
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(Figure 1), it was possible to assess the chemical diversity of
the test compounds with respect to the reference system. In
this plot, the test compounds are scattered across the refer-
ence system, thus assuring good physicochemical diversity.’

Structural diversity was assessed using Daylight’s clustering
package (Daylight Chemical Information Systems Inc., Aliso
Veijo, CA, USA). This method encodes molecular structures
into simple, unique linear strings that represent information
about atoms, bonds, aromaticity, charge, stereochemistry and
isotopic substitution (Weininger, 1988; Weininger and Wein-
inger, 1989). Cluster analysis (using the Jarvis–Patrick
method) was then performed on the string representations of
the 48 molecules to determine any common structural
denominators and any molecules similar to them. This analy-
sis showed that all 48 molecules were structurally distinct.
The measure of structural similarity was defined by the Tan-
imoto coefficient using a value <0.7 as the threshold for deter-
mining molecules as being structurally similar to one another.

Selection of SNPs to study
Published and AstraZeneca re-sequencing of KCNH2 (the gene
encoding the hERG protein) identified numerous non-
synonymous SNPs but many were only seen in single indi-
viduals. The SNPs selected for this study (Table 1) were
detected in more than one individual, thus representing true
polymorphisms within the general populations and not
‘singletons’ unique to an individual or family. In this respect,
SNPs were selected based on an amalgamation of information
from a number of sources:
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Figure 1 Physicochemical diversity of test compounds based on
chemical global positioning system (ChemGPS) prediction. The plot
shows the projected positions of the 48 test compounds (blue) rela-
tive to those of a reference set of 525 compounds (black) represent-
ing drug-like space using principal component analysis. The axes
denote the scores of the first three principal components (PCs) from
a model representing molecular parameters as size, polarity and
flexibility as described by Oprea and Gottfries (2001). The three-
dimensional plot illustrates that the 48 test compounds are distrib-
uted throughout the drug-like space and occupy the central area of
the ChemGPS map. It was not desirable that any of the compounds
should be positioned at the boundaries of this co-ordinate system, as
this region was defined by molecules that contain drug-like frag-
ments and extreme values of one or more of the chemical properties.

Table 1 Selection of SNPs showing:their allele frequencies in different ethnic populations, reference to the polymorphism report and
comment on possible associations with cardiac adverse events

SNP Allele frequency (%) Population Reference Location Comments

R176W <1 White American Ackerman et al. (2003)
N-terminus

N-terminus Also found in internal screening of 9
terodiline induced TdP cases (Ford et al.
(2000). Found in LQTS patients
(Laitinen et al., 2000)

R181Q <1 Black American Ackerman et al. (2003) N-terminus
Del187-189 <1 Black American Ackerman et al. (2003)

N-terminus
P347S

N-terminus

P347S <1
2

<1

White American
Caucasian
Caucasian

Ackerman et al. (2003)
Splawski et al. (2000)
N-terminus

N-terminus Identified in subject with cisapride/
clarithromycin induced QT prolongation
(Paulussen et al., 2004)

K897T 16.5
4.2
4
3

White American
Black American
Asian
Hispanic

Ackerman et al. (2003)
C-terminus

C-terminus Associated with increased risk of cardiac
mortality (Linna et al. (2006). Proposed
to modify clinical expression of A1116V
SNP (Crotti et al., 2005)

A915V 2.2 Asian Ackerman et al. (2003)
C-terminus
P917L

C-terminus

P917L <1
<1

White American
Caucasian

Ackerman et al. (2003)
C-terminus

C-terminus Identified in LQTS population (Splawski
et al., 2000)

R1047L 3
1.8

<1

Caucasian
White American
Black American

Ackerman et al. (2003)
AstraZeneca, unpublished
observation

C-terminus Association with Dofetilide induced TdP
described (Sun et al., 2004)

A1116V <1 Caucasian AstraZeneca, unpublished
observation

C-terminus Also identified in case study of cardiac
arrest caused by ventricular fibrillation
(Crotti et al., 2005)

LQTS, long QT syndrome; SNP, single nucleotide polymorphism; TdP, Torsades de Pointes; WT, wild-type.
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1. AstraZeneca re-sequencing work to determine population
KCNH2 variability using commercially available or appro-
priately consented European Caucasians (n = 130), African
American (n = 20) and Japanese (n = 20) subject samples;

2. Literature reports;
3. Case reports of associations with QT prolongation or

arrhythmia;
4. LQT databases (http://www.ssi.dk/graphics/html/lqtsdb/

lqtsdb.htm, http://www.fsm.it/cardmoc/).

In order to validate the ability of the assay system to detect
potency differences, a cell line expressing a channel mutated
at Y652A was also produced. The mutation, which does not
occur naturally, lies within the putative drug-binding site and
has been shown to significantly reduce the IC50 of hERG
blockers (Witchel et al., 2004).

Generation of SNP/WT-expressing cell lines
The hERG gene was cloned into the pTight expression vector
(Clontech, Mountain View, CA, USA) to keep expression of
the channel under tetracycline control. The mutations were
introduced into the gene by standard polymerase chain
reaction-based site-directed mutagenesis techniques (Quick-
Change, Stratagene, La Jolla, CA, USA) and confirmed by
sequencing the entire gene in both directions.

Plasmid pTight-hERG was linearized by digestion with PvuI
and ethanol-precipitated prior to transfection into Tet-On
CHO K1 cells together with a linear hygromycin selection
marker (Clontech) using the lipofectamine method (Invitro-
gen, Carlsbad, CA, USA). Cells were then incubated in pres-
ence of 0.6 mg·mL-1 hygromycin until cells in untransfected
control flask had died (2–3 weeks). Cells were then incubated
in the presence of 0.8 mg·mL-1 doxycyclin for 24–48 h to
induce channel expression, which was confirmed electro-
physiologically using IW (see below). Clonal cell lines were
then created by dilution cloning and selected by measuring
functional expression, again using IonWorks(tm) HT.

Pharmacological comparison
So that the pharmacological profile of each hERG SNP was
based on a direct assessment of channel function, whole-cell
voltage clamp electrophysiology was used. However, in order
to support the volume of testing required, we used the IW
automated, plate-based electrophysiology device (Schroeder
et al., 2003) according to the method described by Bridgland-
Taylor et al. (2006). In brief, for each experimental ‘Run’ of
IonWorks™ HT, the device made perforated whole-cell record-
ings at ~21°C, usually from more than 250 of the 384 wells in
a PatchPlate™. The extracellular solution was Dulbecco’s
phosphate-buffered saline (PBS; Invitrogen), which contained
(in mM): NaCl 137, KCl 2.7, Na2HPO4 8, KH2PO4 1.5, and to
which was added 0.9 mM CaCl2 and 0.5 mM MgCl2. The
‘pipette’ solution was (in mM): KCl 140, EGTA 1, MgCl2 1 and
HEPES 20 (pH 7.25–7.30 using 10 M KOH) plus 100 mg·mL-1

amphotericin B (Sigma-Aldrich, St Louis, MO, USA). After
attainment of the whole-cell configuration, a pre-compound
hERG current was evoked in each cell in the presence of PBS
by the following voltage protocol: a 20 s period holding at

-70 mV, a 160 ms step to -60 mV (to obtain an estimate of
leak), a 100 ms step back to -70 mV, a 1 s step to +40 mV, a 2 s
step to -30 mV and finally a 500 ms step to -70 mV. Test
compounds, vehicle or 10 mM cisapride controls were then
added to each well and after ~3 min the voltage pulse was
re-applied to generate a post-compound hERG current. In
between the pre- and post-compound voltage pulses, there
was no clamping of the membrane potential.

Leak subtraction was then applied to each current response
based on a modified P/N subtraction method described by
Bezanilla and Armstrong (1977). Pre- and post-scan hERG
current magnitude was measured automatically from the leak
subtracted traces by the IonWorks™ HT software by taking a
40 ms average of the current during the initial holding period
at -70 mV (baseline current) and subtracting this from the
peak of the tail current response. The acceptance criteria for
the currents evoked in each well were: pre-scan seal resistance
>60 MW, pre-scan hERG tail current amplitude >150 pA; post-
scan seal resistance >60 MW. The degree of inhibition of the
hERG current was assessed by dividing the post-scan hERG
current by the respective pre-scan hERG current for each well.

Experimental design
Pharmacological evaluation was divided into two phases.

Phase 1. This phase was designed to allow a relatively rapid
comparison of hERG-WT versus hERG-SNP pharmacology. It
consisted of the following experimental design on each
experimental day:

Runs 1 and 2: Test compounds 1 to 10 against WT
Runs 3 and 4: Test compounds 1 to 10 against SNP1
Runs 5 and 6: Test compounds 1 to 10 against SNP2
Runs 7 and 8: Test compounds 1 to 10 against SNP3

Using this design, the potency estimate for each of 10
compounds versus the WT channel could be compared with
those obtained versus each of the three SNPs tested on that
day. The data from the two runs was pooled for each clone.
This design was then repeated for compounds 11 to 20, 21 to
30 etc., until all 48 compounds had been tested against SNPs1
to 3. The same approach was then used for SNPs 4 to 6 and
SNPs 7 to 9, ultimately giving 432 potency comparisons (9
SNP vs. WT pairs for 48 compounds). The variability around
the potency (IC50) estimate obtained for each compound
SNP/WT combination was quantified as a lower and upper
95% confidence interval (see below). At the end of phase 1,
any compound-SNP combinations where the relevant confi-
dence interval for the SNP did not overlap with that for the
WT were selected for re-testing in phase 2.

Phase 2. Great care was taken in phase 1 to ensure that
sources of variability were minimized, for example, fresh
cells were prepared immediately before the start of each run.
We could not, however, completely rule out the time-
dependent element of phase 1. Therefore, in phase 2, we
sought to determine whether the apparent differences seen
in the first phase comparisons were also observed using a
within PatchPlate™ design. In this phase, a single run of IW
was performed for each compound with an apparent

hERG SNP pharmacology and electrophysiology
R Männikkö et al 105

British Journal of Pharmacology (2010) 159 102–114



potency difference in phase 1, with one half of the Patch-
Plate™ containing WT cells and the other the relevant SNP
cells.

Preparation of compound plates
Phase 1. IW was set up such that each well of a 96-well plate
containing the test compounds mapped to four wells of the
384-well PatchPlate™ in which the recordings were made.
Each 96-well plate was made up of PBS containing 8 half
log10-spaced concentrations of each test compound at three-
fold their final concentration; there were 10 different test
compounds. This left 16 wells, eight of which contained 1%
dimethyl sulphoxide (DMSO) and eight that contained 30 mM
cisapride. Each well of a PatchPlate™ initially contained 3 mL
of PBS and 3 mL of PBS containing a cell suspension of a single
cell line at a concentration of 250 000 cells·mL-1. When 3 mL
of test compound from the compound plate was added to
each well of a PatchPlate™, this meant that the cells were
exposed to the final compound test concentration, 0.33%
DMSO or 10 mM cisapride, which gave full block of WT and
SNP hERG currents.

Phase 2. This involved exactly the same procedure except
that the compound test plate was made up of two identical
halves. Each half was made up of PBS containing eight half
log10-spaced concentrations of a single test compound at
threefold its final concentration and this was repeated four
times. For the remaining 16 wells of the half plate, eight
contained 1% DMSO and eight contained 30 mM cisapride.
Each well of a PatchPlate™ contained 3 mL of PBS and, for
phase 2, one half of the PatchPlate™ had 3 mL of PBS con-
taining a cell suspension of a hERG-SNP cell line and the
other half a cell suspension of the WT-hERG cell line. Both
cell suspensions were at a concentration of 250 000 cells·mL-1.
Finally, when 3 mL of compound was added to each well of a
PatchPlate™, this gave the final compound test concentra-
tion, 0.33% DMSO or 10 mM cisapride.

Data analysis and quantification
For each IW run, the hERG tail current amplitude in each cell
in the presence of PBS was compared with that in the presence
of test compound for the same cell. All the data were then
scaled by defining the effect of 0.33% DMSO as 0% inhibition
and the effect of the supramaximal blocking concentration of
cisapride as 100% inhibition. As the contents of each well of
the test plate were added to four wells of the PatchPlate™,
there could be percentage inhibition data from between 0 and
4 cells for each test concentration. However, all the cell lines
used in this study yielded successful recordings (tail current
>150 pA) in >56% of the 384 wells available per PatchPlate™.
Thus, with this success rate, the chances were that each con-
centration was tested, on average, in 2–3 cells. For phase 1, as
two runs were done for each SNP-compound combination,
the eventual data set for each compound was an 8-point,
non-cumulative concentration-effect curve made up of, on
average, data from 4–6 cells at each concentration. In phase 2,
as only one compound was tested in a PatchPlate™ contain-
ing WT and a SNP cell line, each point of the non-cumulative

curve came from 8–12 cells. In phase 2, the WT and SNP cell
lines each had their own 0.33% DMSO and 10 mM cisapride
data to define 0% and 100% inhibition respectively.

The pharmacological data were fitted with a custom-written
Origin package to replicate the data using non-linear regres-
sion by means of a four-parameter logistic (curve top, slope
and IC50 variable, curve bottom normalized to 0). The 95%
confidence interval around the IC50 value was chosen to
compare potencies between WT and SNP channels.

Electrophysiological comparison
Although IW is ideal for large-scale pharmacology studies, it is
not an optimal method to assess detailed electrophysiological
parameters. For this part of the study, conventional whole-cell
electrophysiology was used. This has also already been
described in depth by Bridgland-Taylor et al. (2006). Briefly,
glass coverslips seeded with the same cells as used for the
pharmacological assessments were placed at the bottom of a
Perspex chamber containing bath solution at room tempera-
ture (~21°C). The bath solution contained (in mM): NaCl 137,
KCl 4, MgCl2 1, CaCl2 1.8, HEPES 10 and glucose 10 (pH 7.4
with 1 M NaOH). This chamber was fixed to the stage of an
inverted, phase-contrast microscope and conventional ‘giga-
seal’ whole-cell patch clamp recordings were made with
pipettes made from borosilicate glass tubing (GC120F, Harvard
Apparatus, Edenbridge, UK) using a P-87 micropipette puller
(Sutter Instrument Co., Navato, CA, USA). The pipette solution
was (in mM): KCl 130, MgCl2 1, HEPES 10, Na2ATP 5, EGTA 5
(pH 7.2 with 1 M KOH). The pipette was connected to the
headstage of the patch clamp amplifier (Axopatch 200B, Axon
Instruments, Foster City, CA, USA) via a silver/silver chloride
wire. The headstage ground was connected to an earth elec-
trode consisting of a silver/silver chloride pellet embedded in
3% agar made up with 0.9% NaCl. Pipette resistance was
typically 1.5–4 MW. Following ‘break-in’ and appropriate
adjustment of series resistance and capacitance controls,
Clampex software (Axon Instruments) was used to set a
holding potential and to deliver voltage protocols required to
characterize the electrophysiological parameters of each hERG
variant. The resulting current responses were analysed using
Clampfit (Axon Instruments). All the current traces used to
determine current-voltage (I–V) relationships were leak com-
pensated offline. Series resistance compensation of �70% was
applied. Currents that resulted in series resistance errors greater
than 5 mV were discarded. The junction-potential error mea-
sured using the flowing 3 M KCl electrode method was found
to be 4 mV. This small error was not corrected for. The holding
voltage for every protocol was -80 mV.

It is well established that in terms of a simple model, the
hERG-encoded channel can exist in

C O Ia

d

b

c
� ⇀��↽ ��� � ⇀��↽ ���

three distinct functional states [closed (C), open (O) and inac-
tivated (I)] and cycles through these states during the cardiac
action potential. Specifically, as shown next, it undergoes
activation (a), inactivation (b), recovery from inactivation (c)
and deactivation (d) during each cardiac cycle. We applied the
relevant voltage protocols to measure the steady-state voltage
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dependence and the rate or rates of transitions at different
voltages to look for any SNP-dependent differences.

Voltage dependence of activation was estimated using the
activation I-V protocol as shown in the inset of Figure 4A.
Membrane potential (Vm) was stepped to test voltages ranging
from -60 mV to +50 mV for 4 s followed by a 4 s step to
-50 mV to evoke a tail current. The peak of this tail current
was plotted against test voltage and the data were fitted to a
Boltzmann function to obtain voltage values where half of
the channels are activated (V1/2) and for steepness of the curve
(Vslope).

I I I e V V V Im slope= −( ) + −[ ]{ } +min max max1 1 2( )

Where Imin is the minimum current, Imax the maximum current
and Vm the test voltage.

Voltage dependence of inactivation was estimated using the
fully activated I–V protocol (inset in Figure 4B) where the
channels are first fully activated and inactivated by holding
Vm for 4 s at +40 mV before a 4 s step to test voltages ranging
from -140 mV to +70 mV. The peak current at the test voltage
gives an estimate of how many channels recover from inac-
tivation at a given voltage. However, part of the recovered
current is masked by closure of the channels, especially at the
most negative voltages. This effect was adjusted for by fitting
a two-exponential curve to the decaying phase of the current
at the test voltage and extrapolating the current to the begin-
ning of the pulse to calculate the extrapolated peak current
(Smith et al., 1996; Vandenberg et al., 2006). The measured
and extrapolated current amplitudes were then divided by the
effective voltage (Vm–Vreversal) to obtain two conductance-
voltage relationships. A Boltzmann curve was then fitted to
these data to derive values for V1/2 and Vslope for inactivation.

The time constant of activation (tAct) was estimated by
fitting a single exponential curve to the last 75% of the rising
phase of the 4 s step of activation I–V protocol to avoid the
effect of the delayed sigmoidal activation time-course on esti-
mation of the time constant. Although other processes, such
as inactivation, affect the time course of current development
during the activation step, this protocol was chosen consid-
ering the volume of experimentation that would have been
required to determine this parameter using a more sophisti-
cated method. A small number of experiments suggested,
however, that the activation time constants derived by this
method were similar to those derived using an envelope of
tails protocol (not shown). In addition, as the voltage depen-
dence and time constant of inactivation was not found to be
significantly different between WT and SNPs (see Results), the
rate of activation should at least be comparable even if not
precise in absolute terms.

The slow and fast time constants of channel deactivation
(tDeactFast and tDeactSlow) were derived from the two exponential
fit of the decaying phase of the current at the test voltage after
full activation using the fully activated I–V protocol. The time
constant of the recovery (tRec) from inactivation was also
derived from the fully activated I–V protocol by fitting a
single exponential curve on the rising phase of the current at
the test voltage.

The inactivation time constant (tInact) was measured using a
protocol where the channels were first fully activated and

inactivated with a step to +40 mV (inset in Figure 4C). Vm was
then stepped back briefly (for 20 ms) to -100 mV to remove
channel inactivation without allowing the channel to close.
Vm was then clamped at values ranging from -70 mV to
+70 mV. The decaying phase of the current at the test voltage
is well fitted by a single exponential curve and describes the
time constant of inactivation.

Statistical analysis
Potency (IC50) data are expressed as mean; lower 95% confi-
dence interval; upper 95% confidence interval. Other data are
shown as mean � standard error of the mean.

Activation V1/2 and Vslope were compared across the 10 vari-
ants using a one-way analysis of variance (ANOVA), followed
by pair-wise comparisons of each of the genetic variants
versus the WT group using Dunnett’s method (to adjust P
values for the fact that this involves nine comparisons, and
hence an increased chance of false positives).

For each assessment of time constant versus voltage rela-
tionships, a best straight line was fitted using log10 (time
constant) as the response and voltage as the explanatory
variable. This gave an estimate of the slope and an estimate of
the intercept. The fitting was done for deactivation and recov-
ery in the voltage range was from -140 mV to -60 mV, for
activation over the range from -10 mV to +40 mV and for
inactivation at voltages between -20 mV and +70 mV. For a
given set of time constants, for example, tDeactslow, all of the
slopes were compared across the 10 types/variants using a
one-way ANOVA, followed by pair-wise comparisons of each of
the genetic variants versus the WT group using Dunnett’s
method. If the slopes do not vary significantly, it follows that
the lines are parallel, that is, a constant separation. In this
case, it is appropriate to test if this separation is significantly
different from zero or not. As with the slopes, this is achieved
using one-way ANOVA, followed by pair-wise comparisons
back to the WT group using Dunnett’s method.

Materials
Drugs were either synthesized by and/or on behalf of Astra-
Zeneca (Macclesfield, UK) or sourced from either Sigma-
Aldrich or Apin Chemicals (Abingdon, UK) and dissolved in
DMSO at a concentration 300-fold greater than the top test
concentration. Compounds were diluted to the final test con-
centrations as previously explained.

Nomenclature
The ion channel nomenclature stipulated by Alexander et al.
(2008) was used throughout.

Results

Pharmacological comparison
Validation of the test system to detect potency differences. Work
of this type has usually been carried out using conventional
electrophysiology techniques that involve fixing Vm to spe-
cific, experimenter-defined values throughout a recording.
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This contrasts with the automated electrophysiology per-
formed by IonWorks™ HT, where voltage clamping only
occurs just prior to and during both the pre- and post-
compound assessment phase of the protocol. Thus, despite
the fact that IW hERG potency values have been shown to
correlate well with those measured conventionally (Kiss et al.,

2003; Bridgland-Taylor et al., 2006), we sought to confirm
that potency differences based on changes in hERG channel
structure could be detected using our approach. A cell line was
therefore established that expressed hERG channels contain-
ing a single amino acid change at a position known to be
important for drug binding (Sanguinetti and Tristani-Firouzi,
2006). Specifically, a cell line expressing channels where the
tyrosine at position 652 of the WT had been changed to
alanine (Y652A), a modification that has been reported to
decrease the potency of propafenone sixfold (Witchel et al.,
2004). As shown in Figure 2, using the phase 2 experimental
design, propafenone was 5.9-fold less potent in cells express-
ing the Y652A mutant (IC50 3.84 mM; 3.46, 4.26 mM) com-
pared with WT (IC50 0.65 mM; 0.59, 0.75 mM). These data
suggested that the IW methodology would be able to detect
pharmacological differences should they occur.

Phase 1. Having established that any differences could be
detected using IW™ HT, we then progressed to the initial
phase of the study that involved a relatively rapid assessment
of potential SNP-based differences in pharmacology. Figure 3
shows typical concentration-effect data from phase 1 for six
compounds with non-overlapping 95% confidence limits
around the IC50 value. The whole dataset are summarized in
detail in Table 2 and show that there are no very large IC50

differences, the biggest being 0.34 log units in phase 1: a
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Figure 2 Effect of Y652A mutation on propafenone potency.
Concentration-effect curves to propafenone against WT (•) or Y652A
mutant (�) measured using IonWorks™ HT.

Figure 3 Typical concentration-effect curve data. The phase 1 and phase 2 data are shown for wild-type (WT) (•) or single nucleotide
polymorphism (�) pairs, for six representative compounds. On three occasions (left panel), the difference detected in phase 1 was not evident
in phase 2. On the right panel, diphenhydramine is more potent at R181Q than on WT when tested in phase 1 or 2 formats. In contrast, for
amlodipine versus WT/A1116V and haloperidol versus WT/Delta187-189, the potency difference seen in phase 1 is reversed in phase 2.
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Table 2 Summary of WT versus SNP pharmacology

Compound Phase WT R176W R181Q Delta P347S K897T A915V P917L R1047L A1116V

IC50 (mM) log IC50 (SNP) minus log IC50 (WT)
Ajmaline 1 3.1 � 0.2 0.00 0.16 -0.01 0.06 0.14 -0.03 0.04 0.02 0.09

2 4.1 � 0.5 0.01 -0.02
Alfuzosin 1 17.7 � 1.3 0.25 -0.03 0.05 0.03 -0.07 0.14 -0.06 0.15 -0.10

2 16.2 � 1.6 -0.01 -0.06
Almokalant 1 0.22 � 0.03 -0.14 0.25 0.04 -0.01 0.06 0.03 -0.15 0.05 0.12

2 0.28 -0.09
Amiodarone 1 1.9 � 0.1 -0.26 0.05 -0.21 0.02 0.00 -0.15 -0.01 -0.32 0.06

2 1.42 � 0.28 -0.05 0.04 -0.09
Amitriptylene 1 5.8 � 1.0 -0.16 0.03 -0.13 -0.06 0.05 -0.13 -0.04 -0.03 0.16

2 6.9 � 0.4 -0.14 -0.01 0.14
Amlodipine 1 7.8 � 0.7 0.00 0.03 -0.07 0.04 0.12 0.08 -0.17 0.08 0.12

2 8.4 � 2.0 0.05 -0.16
Astemizole 1 0.15 � 0.03 -0.17 -0.14 -0.22 -0.03 0.05 0.01 0.02 -0.21 0.00

2 0.107 � 0.016 -0.05 0.06 -0.19
Bepridil 1 0.49 � 0.09 0.03 0.03 0.03 0.09 0.02 0.02 0.06 0.02 0.09

2
Cetirizine 1 47.6 � 10.6 0.00 0.01 0.29 0.04 0.07 0.32 0.11 0.27 0.04

2 67.4 � 6.6 0.02 0.17 -0.09
Chlorpheniramine 1 2.7 � 0.3 0.32 -0.05 -0.03 0.32 -0.02 -0.06 0.29 -0.01 0.09

2 4.0 � 0.2 -0.03 0.00 -0.13
Cibenzoline 1 22.6 � 2.1 0.01 0.05 0.05 0.08 -0.04 0.03 0.04 0.03 -0.09

2
Desipramine 1 9.3 � 0.3 -0.10 -0.01 -0.03 0.23 0.08 0.08 0.03 0.05 0.01

2 10.5 0.11
Diltiazem 1 22.2 � 2.3 -0.10 -0.04 0.09 0.02 -0.11 0.05 0.01 0.13 -0.01

2 36.0 -0.10
Diphenhydramine 1 5.2 � 0.5 0.07 -0.19 -0.05 0.00 -0.05 -0.03 -0.06 -0.05 -0.04

2 6.2 -0.13
d-Norpropoxyphene 1 32.0 � 2.1 0.06 -0.04 0.09 -0.02 -0.05 0.09 0.01 0.07 -0.07
Dofetilide 1 0.064 � 0.015 -0.03 0.06 -0.14 -0.04 -0.16 -0.31 -0.10 -0.24 -0.32

2 0.086 � 0.030 -0.06 -0.18 -0.17 -0.07 0.14
Domperidone 1 0.49 � 0.04 -0.01 -0.05 -0.08 0.02 -0.05 0.05 0.07 0.07 0.10

2
Ebastine 1 0.72 � 0.06 -0.11 -0.08 -0.01 0.19 0.01 0.25 0.08 0.09 -0.08

2 1.2 � 0.0 -0.03 -0.09
Encainide 1 7.0 � 0.8 -0.02 0.09 -0.07 -0.02 0.06 -0.01 -0.14 -0.03 0.06

2 9.1 -0.05
Fexofenadine 1 209.1 � 12.3 -0.06 -0.08 -0.26 0.13 -0.02 -0.01 -0.05 -0.01 0.04

2 182.0 -0.01
Flecainide 1 1.6 � 0.1 0.00 0.00 0.01 0.08 0.04 0.13 -0.02 0.00 0.13
Fluoxetine 1 1.2 � 0.1 0.00 -0.01 -0.12 0.06 0.01 -0.19 0.02 -0.10 0.11

2 2.7 0.03
Fluvoxamine 1 6.32 � 0.860 -0.14 0.03 -0.08 0.04 0.01 -0.05 0.09 -0.07 -0.04
Halofantrine 1 0.22 � 0.01 -0.28 0.12 -0.06 0.23 0.23 0.10 -0.26 -0.08 -0.03

2 0.74 � 0.45 -0.15 -0.10 0.03
Haloperidol 1 0.10 � 0.01 0.08 -0.02 -0.24 -0.06 0.00 -0.01 0.04 -0.18 -0.13

2 0.089 � 0.015 0.15 -0.04
Ibutilide 1 0.027 � 0.004 -0.28 0.12 0.00 0.17 0.19 -0.09 -0.15 0.16 -0.23

2 0.036 � 0.004 -0.20 0.03 -0.18 -0.18 -0.07
Imipramine 1 6.3 � 0.7 0.28 -0.07 -0.03 -0.06 -0.10 -0.03 0.08 0.01 -0.15

2 8.6 -0.12
Ketanserin 1 0.40 � 0.04 -0.05 0.13 -0.07 0.10 -0.05 0.10 -0.09 -0.01 0.05

2 0.290 0.11
Ketoconazole 1 3.0 � 0.3 0.04 0.15 0.02 0.03 0.07 0.09 -0.11 0.00 0.07

2 3.5 0.01
Loratadine 1 8.3 � 0.5 -0.03 0.03 -0.10 -0.05 0.05 0.08 -0.04 -0.05 -0.09

2 8.1 0.01
Mefloquine 1 7.4 � 0.9 -0.10 -0.08 0.08 0.00 -0.10 0.07 0.00 0.11 -0.15

2 7.9 0.02
Mibefradil 1 1.8 � 0.1 -0.20 -0.03 0.07 0.01 0.03 0.14 -0.01 0.18 -0.02

2 1.8 � 0.3 0.05 0.10 0.13
Moxifloxacin 1 80.5 � 3.6 -0.11 0.07 -0.06 0.05 0.01 0.02 0.01 0.05 -0.09
Nifedipine 1 135.1 � 70.6 0.08 -0.23 -0.01 -0.06 -0.20 0.09 0.03 0.10 -0.19

2 89.4 -0.01
Nitrendipine 1 18.1 � 6.3 -0.23 -0.15 0.03 0.06 -0.03 0.02 0.03 0.08 -0.13
Olanzapine 1 8.6 � 1.2 -0.01 0.05 0.08 0.07 -0.02 0.01 -0.07 0.01 0.06
Pimozide 1 0.26 � 0.05 0.10 -0.27 -0.19 0.13 -0.15 -0.04 0.04 -0.27 0.01

2 0.21 � 0.07 0.01 0.01 -0.05 -0.12
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2.2-fold increase in sotalol potency for R176W compared with
WT. There were, however, 77 instances out of the 432 com-
parisons where the 95% confidence limits around the IC50 for
a SNP did not overlap with those of the WT; for 33 of these the
compound was less potent as an inhibitor of the hERG SNP
than the WT and for 44 instances the reverse was true. In
order to rationally select comparisons for detailed assessment
in phase 2, we selected these 77 comparisons where the 95%
confidence intervals did not overlap.

Phase 2. Even though there were 77 instances in phase 1
where the IC50 95% confidence limits did not overlap, the
differences were small and some/all cases could have been
the result of chance, particularly given the number of
comparisons made. In addition, despite our best efforts, some
differences could also have resulted from small, time-
dependent variability in the assay. To mitigate possible
time-dependent variations in IC50 comparisons, a within-
PatchPlate™ comparison was made in phase 2 for all 77
examples. In this format, half of the cells on the PatchPlate™
expressed a SNP cell line and other half WT cells.
Concentration-effect data from phase 2 are shown in Figure 3,
next to phase 1 data for six compound-SNP pairs. Of the 77
differences seen in phase 1, 62 were not evident using this
design. Although 15 examples remained where IC50 95% con-
fidence intervals did not overlap, only eight of these showed
potency ‘differences’ in the same direction as seen in phase 1;
for the remaining seven, the differences were reversed. The
data are summarized in Table 2.

Electrophysiological comparison
An extensive assessment of the electrophysiological param-
eters for WT and SNPs is summarized in Figure 4 and Table 3.

However, the only statistically significant difference was in
the voltage dependence of activation for R1047L (P < 0.01).

Discussion and conclusions

This is the first study to systematically and extensively explore
the pharmacology of hERG SNPs and also their electrophysi-
ological properties. The main conclusion is that the in vitro
pharmacology of the hERG-encoded channel is not signifi-
cantly affected by any of the nine common SNPs investigated
in the IW test system. This confirms existing observations
about single SNP-compound combinations. Thus, the
potency of dofetilide was unaffected by the R1047L polymor-
phism (Sun et al., 2004); activity of prucalopride unchanged
by K897T (Chapman and Pasternack, 2007); cisapride potency
unaffected by four different SNPs, including K897T and
R1047L (Anson et al., 2004); cisapride, clarithromycin, sul-
famethoxazole and trimethoprim activity unchanged by
P347S (Saenen et al., 2007).

It could be argued that this is not surprising given that the
amino acid change for each SNP is not located in or near the
putative drug binding site for low molecular weight com-
pounds (Mitcheson and Perry, 2003). However, there are data
suggesting that amino acid changes remote from drug
binding sites can affect potassium channel pharmacology. For
example, an SNP (Q9E) in MiRP1, a putative b sub-unit of the
native channel complex carrying IKR, was reported to increase
the potency of clarithromycin as a hERG channel blocker
(Abbott et al., 1999) and a similar observation was made by
Sesti et al. (2000) for the T8A SNP of MiRP1 using sul-
famethoxazole. In addition, the P532L or R578K SNPs in the
C-terminal region of the KV1.5 a sub-unit result in a signifi-

Table 2 Continued

Compound Phase WT R176W R181Q Delta P347S K897T A915V P917L R1047L A1116V

IC50 (mM) log IC50 (SNP) minus log IC50 (WT)
Procainamide 1 176.3 � 12.6 0.00 0.11 0.17 0.01 0.15 0.14 -0.02 0.11 0.09

2 231.0 � 5.0 0.12 -0.15
Propafenone 1 0.88 � 0.19 0.13 -0.05 -0.10 0.15 0.01 -0.05 0.01 -0.05 0.15

2 0.66 � 0.02 0.05 0.01
Risperidone 1 0.60 � 0.05 0.01 -0.07 0.07 0.02 -0.08 0.04 -0.04 0.12 -0.13

2 0.93 -0.10
Sertindole 1 0.37 � 0.04 -0.12 -0.09 -0.02 -0.10 -0.06 -0.01 -0.16 0.01 -0.27

2 0.42 � 0.06 0.04 0.17
Sotalol 1 345.7 � 54.8 -0.34 0.10 0.09 -0.26 -0.03 -0.04 -0.12 -0.05 -0.10

2 220.5 � 2.5 -0.05 -0.16
Terfenadine 1 0.67 � 0.27 -0.05 -0.30 -0.11 0.01 -0.29 -0.03 0.05 -0.05 -0.24

2 0.67 � 0.09 0.04 -0.05 -0.25 -0.04
Terodiline 1 1.5 � 0.3 -0.18 0.23 0.01 0.04 0.10 0.04 0.00 0.04 0.12

2 1.4 � 0.1 -0.06 0.00
Thioridazine 1 0.83 � 0.10 -0.11 0.09 -0.24 0.17 0.00 -0.09 0.13 -0.05 -0.06

2 1.2 � 0.1 0.04 0.06
Vardenafil 1 34.8 � 5.1 0.03 -0.11 0.00 0.02 -0.19 0.16 -0.05 0.13 -0.08

2
Verapamil 1 1.4 � 0.2 -0.09 -0.10 -0.08 0.17 -0.03 -0.03 -0.01 -0.04 0.00

2 1.3 -0.03
Ziprasidone 1 0.59 � 0.02 0.09 0.03 -0.11 -0.01 -0.01 -0.09 -0.05 -0.07 0.00

2 0.7 -0.04

For each compound, the table shows phase 1 and, if applicable, phase 2 data; potency at WT; log10 difference between SNP and WT potency; and whether 95%
confidence limit overlapped in phase 1 (grey background used if they did not).
SNP, single nucleotide polymorphism; WT, wild-type.
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cant reduction of both quinidine and propafenone potency
(Simard et al., 2005). More broadly, other changes occurring
remote from ion channel drug binding sites have been sug-
gested to modify their pharmacology. For example, an asso-
ciation between the hERG-encoded channel and a putative
binding partner (KCR1) was reported to decrease the potency
of sotalol, quinidine and dofetilide (Kupershmidt et al., 2003)
while phosphorylation of the a-sub unit of the IKS channel
complex significantly decreased the IC50 of quinidine (Yang
et al., 2003). Finally, an SNP without effect on the electro-
physiology of NaV1.5 (S524Y) has been shown to affect
use-dependent block by quinidine and flecainide (Shuraih
et al., 2007). Based on these findings, the considerable evi-
dence of allosteric interactions in the ion channel field and
the implications for drug safety of SNP-based pharmacological
differences, we felt this was a topic worthy of rigorous
examination.

Although it cannot be assumed that our findings will apply
to all SNPs of the type studied here, we can be confident in the
validity of our conclusions for the nine SNPs investigated.
Firstly, we opted to use a functional assay to replicate, as far as
possible, physiological channel behaviour. For the volume of
testing required, this necessitated the use of an automated
method but we confirmed that this approach was able to
detect pharmacological differences. Specifically, a binding-site
mutant reported to cause a sixfold decrease in the potency of
propafenone when measured using conventional electro-
physiology (Witchel et al., 2004) was investigated using the
same compound with the IW method. We found that in the
Y652A mutant, propafenone was 5.9-fold less potent than in
WT, the IC50 decreasing from 0.65 mM to 3.84 mM (see
Figure 2). The compound test set was designed to ensure we
used drugs that were chemically and structurally diverse,
ensuring that any conclusions would be likely to be valid
across a wide area of drug-like chemical space. Also, the WT
IC50 values of hERG block reported in this study are similar to
the values reported for these compounds previously (Redfern
et al., 2003).

Even though the data suggest no pharmacological differ-
ences large enough to evoke concerns about use of the Cau-
casian WT sequence for screening purposes, do the data
support any real potency differences, however small? The fact
that only 15 of the 77 ‘differences’ in phase 1 were seen in
phase 2, all smaller than 1.5-fold and that seven of these were
in the opposite direction, strongly suggests that there was no
real SNP-dependent potency variability. In support of this,
there was no trend for compounds to be consistently more or
less active against a particular SNP.

In the context of drug discovery, our findings strongly
suggest that safety margins based on compound potency at
the Caucasian WT variant of hERG will be representative of
what is likely to happen when a drug is eventually prescribed
to large and genetically diverse patient groups. This suggests
that the association of some of the nine SNPs with an
increased QT/TdP risk in man is not a direct consequence of
greater pharmacological sensitivity.

We also found that the basic biophysical properties of the
SNP channels were very similar to WT channel. The only
significant difference we found was a hyperpolarizing shift in
the voltage dependence of activation of R1047L. This wouldTa
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increase the current through hERG channels rather that sup-
press the repolarizing current. Our findings differ from those
published on R1047L where the voltage dependence of acti-
vation is unaffected (Anson et al., 2004), or shifted in a depo-
larizing direction (Sun et al., 2004). Our results also differ
from published data in relation to the deactivation rate of
R176W (Fodstad et al., 2006), changes in inactivation and
recovery kinetics of P347S (Saenen et al., 2007), any of the
diverging parameters of K897T (Paavonen et al., 2003; Anson
et al., 2004) or the depolarizing shift in voltage dependence of
A1116V activation (Crotti et al., 2005). These inconsistencies
highlight the difficulty of convincingly determining small
differences in electrophysiological properties that can vary
depending, perhaps, on differences in experimental design
such as the host cell used.

Future work
Our work is based on the pharmacology of heterologously
expressed a-sub-units only. We cannot be sure that in the
native channel protein complex none of the SNPs would
change the pharmacology of IKR. This is a relevant point given
that this study focuses on the type 1a hERG transcript, yet
there is evidence that the native channels may also be made
up of a-sub-units coded for by the N-terminus-truncated (type
1b) transcript (Jones et al., 2004; Sale et al., 2008). The four-
fold decrease in E4031 potency and the biophysical differ-
ences reported by Sale et al. (2008) comparing hERG 1a/b with
hERG 1a alone are particularly interesting in the context of
this work. Related to this, we are studying only channels
containing four identical a-sub-units and cannot say whether
channels comprising, for example, two WT and two SNP

Figure 4 Electrophysiological properties. All data are from conventional whole cell patch clamp recordings. The top row shows typical
wild-type (WT) current responses to the voltage protocols shown as insets. (A) Activation I–V protocol. (B) Fully activated I–V protocol. (C)
Inactivation time constant protocol. Note that for B and C, currents are only shown for the second half of the voltage protocol. Analysis of the
current responses to each protocol enabled electrophysiological parameters for WT and single nucleotide polymorphism (SNP) channels to be
defined, as described in the Methods. The middle row shows electrophysiological parameters for WT human ether-ago-go-related gene. (D)
Typical voltage-dependence of activation (�) and inactivation [peak (�) and extrapolated (�)] curves. (E) Mean voltage-dependence of the
rate of activation (�), and slow (�) and fast (�) deactivation. (F) Mean voltage-dependence of the rate of inactivation (�) and recovery from
inactivation (�). The bottom row compares mean � standard error of the mean WT data with that for the SNPs, for all parameters. (G) V1/2

of activation (�) and inactivation [peak (�) and extrapolated (�)]. (H) Vslope of activation (�) and inactivation [peak (�) and extrapolated (�)].
(I) Time constant of activation (�) and inactivation (∇) at +10 mV, slow (�) and fast (�) deactivation and recovery from inactivation (�) at
-100 mV. The numerical values for all parameters are shown in Table 2.

hERG SNP pharmacology and electrophysiology
112 R Männikkö et al

British Journal of Pharmacology (2010) 159 102–114



sub-units would have an altered pharmacology. The only
piece of relevant data suggests this is unlikely to be the case,
as in a presumed co-expression of WT with a trafficking
mutant (A561P), clobutinol’s potency was unaffected (Bellocq
et al., 2004).

Finally, although the IW automated system enables the
volume of compound testing reported here, it can only
operate at room temperature. Bearing in mind the reported
effects of temperature on hERG pharmacology (Kirsch et al.,
2004) and electrophysiology (Vandenberg et al., 2006), we
cannot exclude the possibility that at physiological tempera-
tures, SNP-related pharmacological and/or electrophysiologi-
cal differences could emerge.
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