
INTRODUCTION
The slow activating delayed rectifier potassium (K+) current

'IKs' is an important determinant of cardiac action potential
repolarisation (1-3). The pore-forming subunit of IKs channels is
comprised of the KCNQ1 protein, with KCNE1 acting as an
accessory subunit (1-3). Loss-of-function mutations to KCNQ1
are responsible for the LQT1 form of long QT syndrome (3),
whilst gain-of-function KCNQ1 mutations have been found to
be responsible for the SQT2 form of short QT syndrome (3, 4).
KCNQ1 mutations have also been associated with familial atrial
fibrillation (AF) (3, 5). Notable amongst these is the S140G
gain-of-function KCNQ1 mutation, which was found in a
Chinese family with hereditary persistent AF (6). In
conventional patch-clamp analysis this mutation, which resides
in the S1 segment of KCNQ1, was reported to lead to increased
ionic current carried by recombinant KCNQ1+KCNE channels
(6, 7). In comparison with recombinant 'IKs' channels that
incorporate wild-type KCNQ1, those incorporating S140G-
KCNQ1 subunits exhibit substantial outward current on
depolarisation, due either to constitutive channel activity or a
markedly impaired deactivation process (6-8). This mutation
would be anticipated to accelerate atrial repolarisation and
shorten atrial effective refractory period (6). However, no study
has yet reported direct recordings of 'IKs' incorporating S140G-
KCNQ1 during physiological (action potential) waveforms. The

action potential voltage-clamp ('AP clamp') technique provides a
means of addressing this issue (for example, we have recently
employed this technique to investigate the physiological
consequences of three gain-of-function K+ channel mutations
associated with the short QT syndrome (9-12)). Consequently,
the aim of the present study was to utilise the AP clamp approach
in order to elucidate the effects of the S140G mutation on
recombinant 'IKs' profile during both atrial and ventricular APs.
Our results demonstrate marked effects of the mutation on 'IKs'
during atrial APs and demonstrate that, in principle, this
mutation would also be anticipated to affect markedly
ventricular repolarisation.

MATERIALS AND METHODS
Maintenance of cells expressing wild-type (WT) and S140G
KCNQ1 together with KCNE1

WT KCNQ1 (in pIRES expression vector) was kindly
provided by Dr. J. Bahranin. The S140G mutation was introduced
into KCNQ1 using QuickChange® (Stratagene; mutagenesis
primer of: 5'TCT GCC TCA TCT TCG GCG TGC TGT CCA CC
3'). DNA was sequenced for the full length of the KCNQ1 insert
to ensure that only the correct mutation had been made (Eurofins
MWG Operon). Chinese Hamster Ovary (CHO) cells were
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passaged using a non-enzymatic agent (Enzyme Free, Chemicon®

International) and then maintained as described previously (12).
Plasmid encoding the common S38 variant of KCNE1 (in
pCR3.1) was kindly donated by Dr. F. Toyoda and co-expressed
with KCNQ1 as described recently (12). Briefly, 24 hours after
plating cells out, the cells were transiently co-transfected 2:1 with
KCNE1 and either WT or S140G-KCNQ1 (0.7 µg of each
KCNQ1 construct was used) using LipofectamineTM LTX
(Invitrogen) according to the manufacturer's instructions.
Expression plasmid encoding CD8 was also added (in pIRES,
donated by Dr. I. Baró and Dr. J. Barhanin) as a marker of
successful transfection. Cells were plated onto small sterilised
collagen-coated glass coverslips 6 hours after transfection and
recordings were made after at least 24 hours incubation at 37°C.
Successfully transfected cells (positive to CD8) were identified
using Dynabeads® (Invitrogen).

Electrophysiological recordings
Cells were continuously superfused (at 37°C) with an

external solution containing (in mM): 140 NaCl, 4 KCl, 2.5
CaCl2, 1 MgCl2, 10 glucose and 5 HEPES (titrated to pH 7.45
with NaOH) (12). Perforated patch-clamp recording was used,
for which patch-pipettes (Corning 7052 glass, AM Systems)
were pulled and heat-polished (Narishige MF83) to 2.5-4 MΩ ;
the pipette dialysate contained (in mM): 130 KCl, 1 MgCl2, 5
EGTA, 5 MgATP, 10 HEPES (titrated to pH 7.2 using KOH) and
225 µg/mL amphotericin B (12). Recordings of
KCNQ1+KCNE1 current (IKCNQ1-KCNE1) were made using an
Axopatch 200 amplifier (Axon Instruments) and a CV201 head-
stage. Between 70-80% of pipette series resistance was
compensated. Voltage-clamp commands were generated using
'WinWCP' (John Dempster, Strathclyde University). The human
ventricular and atrial AP waveforms used as voltage commands
in AP clamp are identical to those used in a recent 'AP clamp'
study of IKCNQ1-KCNE1 from our laboratory (12) and were applied
at a frequency of 1Hz. IKCNQ1-KCNE1 elicited by AP voltage
commands was recorded as the chromanol 293B sensitive
current and was obtained by digital subtraction of the current in
the presence of a supramaximal concentration of chromanol
293B [3R, 4S] (Tocris; 500 µM) from that in control.

Data analysis
Unless otherwise stated in the text data are presented as

mean ± standard error of the mean (S.E.M.). To produce
instantaneous I-V relationships for each AP waveform,
chromanol 293B sensitive current at each point during the
waveform was normalised to the maximum current during
repolarisation; each resulting value was plotted against the
corresponding membrane potential. In the text, the values of
maximal amplitude of repolarising currents are expressed as
current density (pA/pF) by normalising current amplitude to cell
capacitance. The voltage dependence of IKCNQ1-KCNE1 activation
was determined by fitting the values of IKCNQ1-KCNE1 tail currents
(normalised to peak IKCNQ1-KCNE1 tail value and plotted against
voltage) with a Boltzmann equation of the form:

I = IMAX/(1+exp (V0.5-Vm)/k) [1]
where I is the IKCNQ1-KCNE1 tail amplitude following test potential
Vm, IMAX is the maximal IKCNQ1-KCNE1 observed, V0.5 is the
potential at which IKCNQ1-KCNE1 was half-maximally activated, and
k is the slope factor for the relationship. Deactivation of IKCNQ1-
KCNE1 tails at -40 mV, following a test potential of +30 mV was
assessed by fitting declining tail currents with a standard bi-
exponential equation.

RESULTS AND DISCUSSION
We first compared the properties of IKCNQ1-KCNE1 between WT

and S140G KCNQ1 using conventional voltage clamp, in which
3-sec duration depolarising commands were applied from -80
mV to a range of test potentials, each of which was followed by
a repolarisation step to -40 mV (lower traces in Fig. 1Ai and
1Aii). As anticipated (6-8, 12), WT IKCNQ1-KCNE1 showed currents
that activated progressively with time and voltage, and outward
tail-currents were observed during the repolarising step, as
shown in Fig. 1Ai. By contrast, S140G IKCNQ1-KCNE1 showed a
substantial instantaneous current component on membrane
potential depolarisation, with some further time-dependent
increase in current during the voltage steps (evident in Fig. 1Aii
at -30 mV, 0 mV and +30 mV). The presence of a large
instantaneous current for S140G IKCNQ1-KCNE1 precluded direct
comparison of exponential-fitted activation between WT and
S140G IKCNQ1-KCNE1. In order to compare time-dependent
activation of the current carried by the two channels, we
therefore evaluated the thalf of activation (time to half-maximal
current during an imposed voltage command) for each of WT
and S140G IKCNQ1-KCNE1 at +30 mV. On depolarisation to +30 mV,
the thalf of activation for WT IKCNQ1-KCNE1 was 221.1±52.3 ms
compared to 48.5±23.8 ms for S140G IKCNQ1-KCNE1 (n=13 and 5
respectively, p<0.05). On repolarisation to -40 mV (and by
contrast to the WT current), S140G IKCNQ1-KCNE1 exhibited a
marked persistent outward current with deactivation that could
only be detected following depolarising voltage commands to
values ≥-30 mV. For depolarising voltage commands to
potentials between -70 and -40 mV, S140G IKCNQ1-KCNE1 displayed
time-dependent activation over the time of the 'repolarisation'
step to -40 mV. The effect of the S140G mutation on IKCNQ1-KCNE1
deactivation was therefore assessed using bi-exponential curve
fitting of the time-course of current on repolarisation to -40mV
from +30 mV. For WT IKCNQ1-KCNE1 fast (τf) and slow (τs) time-
constants of deactivation were respectively 95.2±11 ms and
864.2±203 ms (n=13; with 82.8±5.1% of current attributable to
the fast component, 12.5±5.6% to the slow component with the
remainder (4.6±3.8%) representing unfitted residual current).
Comparable values for S140G IKCNQ1-KCNE1 were a τf of
557±240.6 ms (n=5, p<0.01 vs. WT) and τs of 2464.8±185.3 ms;
n=5; p<0.001 vs. WT). However, whilst the proportion of current
fitted by τs was unchanged (13.9±6.8%; n=5) that fitted by τf was
markedly reduced (to 10.5±2.9%; n=5, p<0.001 vs. WT).
Residual unfitted current now accounted for 75.6 ±9% of the
total current (n=5, p<0.001), thereby explaining the substantial
currents remaining at the end of the -40 mV repolarization step
for S140G IKCNQ1-KCNE1. The substantially impaired deactivation
of S140G IKCNQ1-KCNE1 in our experiments may reflect
destabilisation of closed channel state(s) by this mutation (8).
The voltage-dependence of IKCNQ1-KCNE1 was determined from
Boltzmann analysis of the currents seen on repolarisation to -40
mV, using equation 1 (Materials and Methods). Data for WT and
S140G IKCNQ1-KCNE1 are shown overlain in Fig. 1B. For WT IKCNQ1-
KCNE1 the activation V0.5 was +12.5±0.41 mV (n=13; (12)). For
S140G IKCNQ1-KCNE1 the activation V0.5 was -49.3±4.23 mV; n=5;
p<0.001 vs. WT). Slope factors (k) for the relations plotted in
Fig. 1B were 13.69±0.37 mV for WT and 8.64±2.98 mV for
S140G IKCNQ1-KCNE1 (p>0.5). The marked left-ward shift in
activation V0.5 seen here (~-62 mV) is similar to that (~-57 mV)
reported previously for S140G KCNQ1+KCNE1 expressed in
Xenopus oocytes (8), whilst the pronounced instantaneous
current seen on depolarisation and the persistent outward
currents seen on repolarisation to a voltage positive to the
potassium equilibrium potential is in good agreement with two
prior studies in which the S140G mutation was expressed in
mammalian (simian derived COS-7) cells (6, 7).
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Fig. 1. WT and S140G IKCNQ1-KCNE1 under·conventional voltage clamp and atrial AP clamp.
(A) Upper traces show records of WT (Ai) and S140G IKCNQ1-KCNE1 (Aii) elicited by 3-s duration voltage clamp commands applied from -
80 mV to a range of potentials (lower traces). A brief 50 ms pulse to -40 mV from the holding potential of -80 mV was incorporated prior
to each test command in order to monitor instantaneous current, which can be seen to be negligible in (Ai) but substantial in (Aii).
Successive steps in the protocol were applied every 10 s. Numbers adjacent to current traces denote corresponding test voltage.
(B) Normalised current-voltage (I-V) relations for peak 'tail' current amplitudes. Solid line shows data for S140G IKCNQ1-KCNE1 (n=5
respectively, voltage protocol as in B). The plot for WT IKCNQ1-KCNE1 (dashed line, n=13) is identical to that for WT IKCNQ1-KCNE1 in (12).
Normalization was carried out as follows: for each cell the amplitude of IKCNQ1-KCNE1 on repolarisation to -40 mV following different test
potentials was normalized to the maximum current observed during application of the protocol. The resulting data were fitted with
equation 1 to give the V0.5 and k values included in the 'Results and Discussion' text (***P<0.001, * P<0.05 between WT and S140G).
(C) Main panels show the profile of WT (Ci) and S140G (Cii) chromanol 293B sensitive currents obtained by digital substraction of the
current in the presence from the current in absence of 500 µM chromanol 293B. IKCNQ1-KCNE1 was elicited by an atrial AP command (the
thinner of the pair of overlaid traces; AP command frequency of 1 Hz. The insets to each panel show the net currents in control conditions
and in the presence of chromanol 293B. The scale-bars for the inset to Ci indicate 50 pA and 100 ms, whereas those for Cii indicate 0.5
nA and 100 ms. Note, therefore, the 10-fold difference in current gain at which WT and S140G are shown (necessary in order to
discriminate current in drug from that in control for the inset to Ci) (D) Plots of the corresponding instantaneous current-voltage (I-V)
relations for WT (Di) and S140G (Dii) IKCNQ1-KCNE1 during atrial AP repolarisation, displaying continuous plots of currents from early (5
ms) during the AP to completion of repolarisation. The direction of repolarisation on each plot is indicated by the filled 'arrow' symbols.



Fig. 1C shows the profile of chromanol 293B sensitive
IKCNQ1-KCNE1 elicited by an atrial AP voltage command (Figs. 1Ci
and 1Cii respectively show WT and S140G KCNQ1 conditions,
with the main panels showing chromanol 293B sensitive current
and the insets showing the net current traces from which these

were derived). Under WT conditions the elicited current was of
modest amplitude (Fig. 1Ci), whilst a substantial current was
observed under S140G conditions (Fig. 1Cii). In seven WT
KCNQ1 experiments the mean maximal outward current
observed during the repolarising phase of the atrial AP was
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Fig. 2. WT and S140G IKCNQ1-KCNE1 during ventricular AP clamp and comparison of peak current magnitude between atrial and
ventricular AP waveforms.
(A) Profile of WT (Ai) and S140G (Aii) chromanol 293B sensitive currents obtained by digital subtraction of the current in the presence
from the current in the absence of 500 µM chromanol 293B. IKCNQ1-KCNE1 was elicited by a ventricular AP command (the thinner of the
pair of overlaid traces; AP command frequency of 1 Hz).
(B) Plots of the corresponding continuous instantaneous current-voltage (I-V) relations for WT (Bi) and S140G (Bii) IKCNQ1-KCNE1 from
early (5 ms) during ventricular AP repolarisation to completion of repolarisation. The direction of repolarisation on each plot is
indicated by the filled 'arrow' symbols.
(C) Superimposed ventricular (from Fig. 2A) and atrial (from Fig. 1C) currents for both WT (Ci) and S140G (Cii) conditions.
(D) Comparison of mean (±S.E.M.) peak amplitudes for maximal repolarising current for both WT and S140G conditions during atrial
and ventricular APs (n=7 for both; *P<0.05 between WT and S140G and atrial versus ventricular AP in both conditions).



8.9±3.5 pA/pF, whilst for S140G KCNQ1 the mean maximal
current observed was 47.0±13.7 pA/pF (n=7; p<0.05 vs. WT).
Figs. 1Di and Dii show instantaneous current-voltage (I-V)
relations for the WT and S140G IKCNQ1-KCNE1 traces shown in Fig.
1Ci and Cii. After the initial rapid repolarisation phase of the AP,
the I-V relations showed a similar voltage-dependence to one
another, with maximal current observed at -17.6±1.1 mV for WT
IKCNQ1 (n=7) and at more positive value of 12.2±0.9 mV for
S140G (n=7; p<0.01 vs. WT). As can be seen in Figs. 1Cii and
Dii, a substantial instantaneous current was observed early
during the AP for S140G KCNQ1. This substantial outward
current component would be anticipated to contribute significant
repolarising current early during the atrial AP.

KCNQ1 and KCNE1 are expressed at similar levels in
human atrial and ventricular tissue (7) and other gain-of-function
KCNQ1 mutations underlie the SQT2 ventricular abbreviated
repolarisation disorder (3, 4). However, the consequences of the
S140G KCNQ1 mutation for ventricular repolarisation are at
present unclear (6). Consequently, we proceeded to determine
the effects of the S140G KCNQ1 mutation on IKCNQ1-KCNE1 under
ventricular AP clamp. Fig. 2Ai shows the profile of chromanol
293B sensitive WT IKCNQ1-KCNE1; this activated substantially
during the ventricular AP plateau with peak current (29.4±10.7
pA/pF; n=7) being attained late during the ventricular AP plateau
phase. Fig. 2Aii shows chromanol 293B sensitive S140G IKCNQ1-
KCNE1 elicited by the same AP waveform, with a marked
instantaneous component now evident on depolarisation,
followed by a further progressive increase throughout the
plateau phase (to a maximal amplitude of 93.5±24.2 pA/pF, n=7;
P<0.05 vs. WT), with a decline in current magnitude during the
terminal phase of AP repolarisation. Figs. 2Bi and 2Bii show
instantaneous I-V relations for WT and S140G IKCNQ1-KCNE1.
Maximal IKCNQ1-KCNE1 during repolarisation occurred for WT
KCNQ1 at +4.8±1.2 mV (n=7), whilst that for S140G peaked at
+11.1±0.9 mV (p<0.01). A marked instantaneous component
was also evident at the commencement of the instantaneous I-V
relation (i.e. early during the ventricular AP command) for
S140G IKCNQ1-KCNE1. Figs. 2C and 2D compare the relative effects
of the S140G mutation on current observed during atrial and
ventricular AP commands. In Fig. 2Ci and Cii, WT (Fig. 2Ci)
and S140G (Fig. 2Cii) IKCNQ1-KCNE1 for each of ventricular and
atrial AP commands are shown overlain, whilst Fig. 2D shows
current density plots for peak outward IKCNQ1-KCNE1 with WT and
mutant KCNQ1. The elicited IKCNQ1-KCNE1 was greatest during
ventricular AP clamp for S140G KCNQ1 and smallest during
atrial AP clamp for WT KCNQ1. With each channel type,
maximal elicited current was greater for the ventricular than
atrial AP waveform. This can be explained by the more positive
and prominent plateau phase of the ventricular AP, which would
permit more extensive KCNQ1-KCNE1 channel activation than
is attainable during the atrial AP command waveform.

Taken together, the results of our experiments are indicative of
a significantly greater contribution of IKs to net AP repolarisation
when channels incorporate S140G KCNQ1 subunits. It has been
shown that the contribution of IKs to repolarisation is likely to be
rate-dependent with substantial current accumulation and hence
greater functional role at fast heart rates (14, 15). To investigate
the effect of repetitive stimulation on WT and S140G IKCNQ1-KCNE1,
we conducted a limited series of additional experiments using a
train of triangular (saw-tooth) AP-like commands with each
individual waveform approximating the duration of an atrial AP
(waveform duration = 370 ms, 10 waveforms applied over 3.8
seconds). With this protocol, we observed rapid but differential
accumulation of current for both WT and S140G KCNQ1. For
WT KCNQ1, peak outward current during the series of applied
commands was increased by ~9% (n=3) over the course of the AP-
like command train whereas S140G IKCNQ1-KCNE1 was increased by

37% (n=4). These results suggest that in addition to contributing
significant outward repolarising current early following the AP
overshoot, S140G IKCNQ1-KCNE1 may exhibit differential sensitivity
to repetitive stimulation than does WT KCNQ1 and hence exhibit
a differential response to changes in rate.

Our results are particularly intriguing and significant in
light of the fact that examination of AF patients with the S140G
KCNQ1 mutation did not show clear shortening of QT or rate-
corrected QTC intervals on the electrocardiogram (6). The
authors of that study commented that the apparent lack of
reduction in QTC interval was surprising, noting that irregular
ventricular beats could affect QT interval representation and
that a simple rate correction of QT intervals may be inadequate
in AF (6). Our AP clamp data provide a clear demonstration
that, in principle, combination of S140G-KCNQ1 with KCNE1
would indeed be expected to increase markedly repolarising
current during ventricular APs. In turn, this would be
anticipated to lead to QT interval shortening. Thus, the apparent
lack of QT interval shortening in AF patients with the S140G
KCNQ1 mutation may well reflect difficulties in accurately
assessing this parameter in the setting of AF. It is also feasible,
though speculative, that arrhythmia-induced electrical
remodelling could mitigate effects of the S140G mutation on
ventricular repolarisation (6) or that S140G KCNQ1 subunits
associate with KCNE1 preferentially in native atrial but not
ventricular tissue. Dynamic interactions between WT/S140G IKs
and other currents, the profile of which might be influenced by
the flow of markedly altered IKs, may also play a significant role
in shaping the overall functional consequences of the S140G
mutation on AP repolarisation. Significantly, the present
findings provide quantitative information obtained at a
physiological temperature that can now be used to validate
formulations of WT and mutant 'IKs' in mathematical models.
This will facilitate (a) investigations of the interaction between
WT/S140G KCNQ1-containing IKs and other currents flowing
during atrial and ventricular APs (and any changes in relative
importance of different K+ conductances to repolarisation when
the S140G mutation is present), and (b) detailed in silico
explorations of potential functional consequences of the S140G
KCNQ1 mutation for both atrial and ventricular
electrophysiology over a range of heart rates and to study the
arrhythmogenic substrate in this form of familial AF (13).

Acknowledgements: The authors acknowledge support from
the British Heart Foundation (PG/06/147 and PG/09/034) and
thank Mrs. Lesley Arberry for technical assistance and Dr.
Andrew James for useful discussion.

Conflict of interests: None declared.

REFERENCES
1. Barhanin J, Lesage F, Guillemare E, et al. KvLQT1 and IsK

(minK) proteins associate to form the IKs cardiac potassium
current. Nature 1996; 384: 78-80.

2. Sanguinetti MC, Curran ME, Zou A, et al. Coassembly of
KvLQT1 and minK (IsK) proteins to form cardiac IKs
potassium channel. Nature 1996; 384: 80-83.

3 Charpentier F, Merot J, Loussouarn G, Baro I. Delayed
rectifier K+ currents and cardiac repolarization. J Mol Cell
Cardiol 2010; 48: 37-44.

4. Maury P, Extramiana F, Sbragia P, et al. Short QT syndrome.
Update on a recent entity. Arch Cardiovasc Dis 2008; 101:
779-786.

5. Seebohm G. Kv7.1 in atrial fibrillation. Heart Rhythm 2009;
6: 1154-1155.

763



6. Chen Y-H, Xu S-J, Bendahhou S, et al. KCNQ1 gain-of-
function mutation in familial atrial fibrillation. Science
2003; 299: 251-254.

7. Bendahhou S, Marionneau C, Haurogne K, et al. In vitro
molecular interactions and distribution of KCNE family
with KCNQ1 in the human heart. Cardiovasc Res 2005; 67:
529-538.

8. Restier L, Cheng L, Sanguinetti MC. Mechanisms by which
atrial fibrillation-associated mutations in the S1 domain of
KCNQ1 slow deactivation of IKs channels. J Physiol 2008;
586: 4179-4191.

9. McPate MJ, Duncan RS, Milnes JT, Witchel HJ, Hancox JC.
The N588K-HERG K+ channel mutation in the 'short QT
syndrome': mechanism of gain-in-function determined at
37°C. Biochem Biophys Res Commun 2005; 334: 441-449.

10. McPate MJ, Zhang H, Adeniran I, Cordeiro JM, Witchel HJ,
Hancox JC. Comparative effects of the short QT N588K
mutation at 37°C on hERG K+ channel current during,
Purkinje fibre and atrial action potentials: an action potential
clamp study. J Physiol Pharmacol 2009; 60: 23-41.

11. El Harchi A, McPate MJ, Zhang YH, Zhang H, Hancox JC.
Action potential clamp and chloroquine sensitivity of mutant
Kir2.1 channels responsible for variant syndrome. J Mol
Cell Cardiol 2009; 47: 743-747.

12. El Harchi A, McPate MJ, Zhang YH, Zhang H, Hancox JC.
Action potential clamp and mefloquine sensitivity of

recombinant 'IKs' channels incorporating the V307L KCNQ1
mutation J Physiol Pharmacol 2010; 61: 123-131.

13. Kharche S, Garratt CJ, Boyett MR, et al. Atrial
proarrhythmia due to increased inward rectifier (IK1) arising
from KCNJ2 mutation - a simulation study. Prog Biophys
Mol Biol 2008; 98: 186-197.

14. Jurkiewicz NK, Sanguinetti MC. Rate-dependent
prolongation of cardiac action potentials by a
methansulphonanilide class III agent. Specific block of
rapidly activating delayed rectifier K+ current by dofetilide.
Circ Res 1993; 72: 75-83.

15. Rocchetti M, Besana A, Gurrola GB, Possani LD, Zaza A.
Rate dependency of delayed rectifier currents during the
guinea-pig ventricular action potential. J Physiol 2001; 534:
721-732.
R e c e i v e d : July 2, 2010
A c c e p t e d : November 20, 2010
Author's address: Dr. Jules C. Hancox, FSB, Professor of

Cardiac Electrophysiology; Department of Physiology and
Pharmacology and Cardiovascular Research Laboratories,
School of Medical Sciences, University of Bristol, University
Walk, Bristol, UK; Phone: +44-117-3312292; E-mail:
jules.hancox@bristol.ac.uk

764


