
17 Construct #412 is similar to #463 w~th two notable 
exceptlons: There is only one a-globin gene In which 
CD59 is inserted at the start codon, and the a-globin 
promoter and LCR are replaced w~th a chck p-actn 
promoter. In the I~ne of mice used in th~s report, 
expresson was characterized on heart ECs but not 
RBCs As for construct #528, it is a 70-kb genomic 
fragment that ncudes the complete CD59 gene, 
promoter, and flank~ng sequences. Expresson was 
detected on ECs and RBCs Expression on RBCs 
was lower than that observed in #463 and #506 
mice. 

18. Mouse hearts were removed and d~ssected into 
quarters to expose the linings of the chambers and 
rinsed in PBS The heart fragments from two mice 
were dgested In 5 m of dispase [50 U/m (Colabo- 
rative Bomedcal Products, Bedford, MA)] for 30 min 
at 37°C in a shakng water bath The resulting cell 
suspenson was peleted and washed three tmes in 
PBS Cells ( I  X 1 08) were staned for factor VII (w~th 
FlTC) (FLI) and for CD59 (with phycoeryihrin) (FL2). 
Approprate single-color and matched-isotype con- 
trols were also stained Cells were analyzed on a 
Couter Profile I cytometer by using a dual plot of 
forward scatter versus FLI to gate the population of 
ECs. It was estmated that ths popuaton comprsed 
approximately 5% of the cells analyzed (calculated 
without discrimnation of the forward scatter). Gated 
cells were then analyzed on a dual-color plot of FLI 
versus FL2 

19. Blood (-200 PI) was collected from transgenic and 

nontransgenic mice, Immediately after collection, a 
fraction enriched in polyadenyated RNA was solat- 
ed by Quick Prep (Pharmaca, Piscataway, NJ) ac- 
cordng to the manufacture's protocol. Reverse tran- 
scriptase reactions were performed with the First- 
Strand cDNASynthess K t  (Pharmacia) according to 
the manufacture's protocol before PCR Pr~mers 
were used to amplfy an 801 -base par (bp) fragment 
(after splicing) whch extended from the frst exon of 
CD59 to the second exon of a-globin from a non- 
transgenc bone marrow recpent, a representative 
bone marrow donor, and transgenlc mlce express- 
n g  constructs #412 and #506. The sequence of the 
CD59 primer was 5'-ATGGGAATCCAAGGAGGGT- 
3'. and the sequence of the a-gobn prmer was 
5'-GCAAAGGTGCCCTTGAGG-3' Pr~mers were 
used that would amplify a 420-bp (after splicng) 
product extendng from exon 1 to exon 4 from con- 
struct #528 mRNA. The sequences of these primers 
were (5' primer) 5'-AGGCTGGAAGAGGATCTTGG- 
3' and (3' primer) 5'-TCTCCTGGTGTTGACT- 
TAGG-3' 

20 L Y. Leong eta/.  , Eui. J. Immunol 22, 2825 (1 992) 
21 Mice were anesthetized with soflurane or pentobar- 

bital (50 mg per k~logram of body mass, adminis- 
tered intraper~toneally) and the chest opened. The 
heart was cooled w~th Ice slush and expanted The 
tip of a 22-guage angiocatheter was secured in the 
aortc root while the heart was mantained at 4°C 
The Langendorff circut consisted of a resewor, a 
roller pump, and a column that provided 25 cm of 

HERG, a Human Inward Rectifier in the 
Voltage-Gated Potassium Channel Family 

Matthew C. Trudeau, Jeffrey W. Warmke,* Barry Ganetzky, 
Gail A. Robertson? 

In contrast to other members of the Eag family of voltage-gated, outwardly rectifying 
potassium channels, the human eag-related gene (HERG) has now been shown to encode 
an inwardly rectifying potassium channel. The properties of HERG channels are consistent 
with the gating properties of Eag-related and other outwardly rectifying, S4-containing 
potassium channels, but with the addition of an inactivation mechanism that attenuates 
potassium efflux during depolarization. Because mutations in HERG cause a form of 
long-QT syndrome, these properties of HERG channel function may be critical to the 
maintenance of normal cardiac rhythmicity. 

T h e  ether-h-go-go (eag) gene was originally 
identified in Drosophila on the basis of its 
leg-shaking mutant phenotype (1 ), attribut- 
ed to an increase in neuronal excitability and 
transmitter release at the neuromuscular 
junction (2). The polypeptide predicted by 
the sequence of the cloned gene exhibits the 
characteristic features of K+ channels (3), 
and exmession studies in froe oocvtes con- - ,  
firm that eag encodes a functional K+  chan- 
nel (4, 5). The eag locus defines an extended 
gene family, with members falling into sub- 
families on the basis of their sequence simi- 
larity: Eag, named for the original isolate 

from Drosophila; Elk, for eag-like Kt  channel; 
and Erg, for eag-related gene (6). Both eag 
and M-EAG, its mouse counterpart, encode 
voltage-gated, outwardly rectifying K+ chan- 
nels (4, 5). We report here that HERG, a 
gene in the Ere subfamilv isolated from hu- - " 
man hippocampus (6), encodes a Kt  chan- 
nel with inwardly rectifying properties in 
spite of the extensive homology with the 
outwardly rectifying members of the Eag 
family (49% amino acid identity) (7). 

Inward rectifiers are a large class of K+-  
selective ion channels that preferentially 
conduct inward Kt  currents at voltaees 
negative to the Kt  equilibrium potential 

M C Trudeau and G, A. Robertson, Department of (E;). Their physiological are-best un- 
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*Present address. Merck Research Laboratories. P.0 
phase of repolarization (8). At positive volt- 

Box 2000. Rahwav. NJ 07065. USA ages they close, thus helping maintain the 
tTo whom correspondence should be addressed. plateau of the action potential. In addition 

perfuson pressure to the heart Before suspending 
the heart from the c~rcuit, the crcuit was f~lled with 
IMDM with 50 mM Hepes (Gibco, Grand Island, NY) 
and allowed to equilibrate thermally and to a pH of 
7 4. The perfuson fluid was oxygenated by bubblng 
0, (0.5 litedmin) Into the resewor and mantaned at 
38°C. The heart was suspended from the apparatus 
and the heart rate monitored After 30 m n  of stabii- 
zaton, 7 m of medium was removed from the res- 
ervoir and 10 ml of 60% human plasma, d~luted in 
IMDM, was added to y~eld a final concentraton of 
50% human plasma The heart rate was montored 
for 1 hour. B~ops~es of the heart obtained at the 
conclusion of the procedure were prepared and 
stained as previously described (73). 
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to the cardiac inward rectifier IK1, the "de- 
layed rectifier" IKr, which contributes sub- 
stantially to the repolarlzation of the action 
potential, also exhibits profound inward 
rectification (9). Recent molecular charac- 
terization of inward rectifiers has focused on 
a family of channels sharing a hydropathy 
profile that predicts two transmembrane do- 
mains ( lo ) ,  in contrast to the six putative 
transmembrane domains in %-containing 
channels of the Shaker (Sh) (1 I ) ,  Slow- 
poke (Slo) ( 1  2 ) ,  and Eag (6) fam~lies. 

We generated an expression construct for 
heterologous expression of HERG in frog 
oocytes from overlapping complementary 
DNAs (cDNAs) and a genomic fragment 
previously isolated from human DNA librar- 
ies (13, 14). A small inward current was 
sometimes seen after repolarization from a 
series of voltage steps (Fig. 1A). By compar- 
ison, oocytes expressing M-EAG have large 
outward currents under the same conditions 
(Fig. 1C). When oocytes injected with 
HERG cRNA were presented with hyperpo- 
larizing voltage steps from 60 mV in elevated 
external Kt  concentration ([KIo), large in- 
ward currents were observed (Fig. 1, D and 
E). HERG currents rapidly turned on and 
then declined with rates that were voltage- 
dependent. Currents evoked by stepping to 
- 105 mV had a time-to-peak of 27 ? 4.6 Ins 
(mean + SD; n = 7). Current deactivation 
could be fitted with a biexponential function 
with time constants of 68.2 + 6.6 ms and 
292 + 20.4 ms (mean ? SD; n = 6). The 
voltage range of activation of the inward 
HERG current shifted as [KIo was altered 
(Fig. 2A), as for inward rectifiers, with a 
Nernstian relation indicating K+  selectivity 
(Fig. 2B). 
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HERG channels are blocked by relative- 
ly low concentrations of Cs+ and Ba2+ (Fig. 
3). The voltage-dependent block by Cs+ is 
typical of inward rectifiers (15) and is in- 
terpreted to reflect Cs+ entering the pore 
from the outside and interfering with K+ 
permeation (Fig. 3A). Ba2+ inhibits the 
current with an inhibition constant (IC5J 
of 0.6 mM, but apparently does not exhibit 
the voltage-desendent effects characteristic 

and other S4-containing channels are, with 
modification, consistent with the dual gat- 
ing mechanisms we have observed in 
HERG channels. The impetus to invoke 
such models comes from the overall struc- 
tural similarities of HERG with M-EAG 
and other S4-containing channels and from 
the work of Armstrong and colleagues 
showing that a delayed rectifier in squid 
axon could be transformed into an inward 

u L 

of other inward rectifiers (Fig. 3B). rectifier simply by the addition of an inter- 
Despite marked differences in the char- nal blocking particle (18). In those studies, 

acteristics of HERG and M-EAG currents, sufficient concentrations of the blocker (for 
the channels themselves have similar bio: example, tetraethylammonium) inhibited 
physical properties possibly related to outward currents, and the tail currents 
shared structural features. The number of showed a time-denendent increase in am- 
HERG channels available to conduct in- 
ward currents during a hyperpolarizing pulse 
is regulated by gating transitions that occur 
during a depolarizing prepulse (Fig. 4A). As 
the voltage of the prepulse was increased, 
the amplitude of HERG current during the 
subsequent hyperpolarization also in- 
creased. Corresponding gating transitions 
for M-EAG channels during depolarization 
are reflected in the instantaneous ainsli- 

plitude reflecting the time course of allevi- 
ation of the block. We suggest that HERG 
inward currents may be similarly modified 
deactivation tail currents, with the time- 
deoendent increase of the inward current 
reflecting the removal of a block or inacti- 
vation mechanism. A schematic for the 
model is as follows: 

tudes of the deactivating tail currents (ar- At negative voltages, the channel is at rest 
row in Fig. 4B). Such voltage-dependent in the closed state (Ci) .  Upon depolariza- 
gating behavior is a characteristic of most tion, it undergoes voltage-dependent con- 
channels in the S4-containing superfamily formational changes leading sequentially to 
and is generally attributed to the movement the open state (0) and to the inactivated or 
of charges in the S4 domain (16). blocked state [I(B)]. The forward rate for 

Standard models for gating in Sh (1 7) the 0 + I(B) transition must be very fast to 

Fig. 1. Inwardly rect~fy- A D 
~ n g  currents expressed 
In frog oocytes from the 
HERG cRNA measured 
w~ th  two electrode volt 
age clamp (A) Small ~ n -  B 
ward currents are ob- cL 

1 , 
served In oocytes ex 
presslng HERG In nor 
ma1 R~nger s subsequent 
to the serles of voltage I -i 
pulses. (B) water-inject- 

I 

ed oocyte as a control C 
(Ctrl) from the same oo- M-EAG 
cyte batch as in (A). (C) 
Large outward currents 
recorded from oocyte 
expressing M-E4G. (D) 
Large Inward currents 
evoked from same oo- 
cyte as ~n (A), but ~n high- 
K+ R~nger's and with a 
different voltage com- 
mand parad~gm, The 60 ---=- 
voltage was held at 60 -80 =+*=* -105 . -  1 I 

mV for 200 ms before 
each voltage step shown. (E) I-V plot from oocyte in (D) (m) and from water-injected oocyte (@) from the 
same batch. Cons~stent results were obtained with n > 50 for HERG and n = 21 for water-injected 
oocytes. Electrodes contained 2 M KC1 and had resistances between 0.5 and 1 megohm. Capacitive 
artifact (1 ms spike) was suppressed in (C) only, at the beginning and end of the voltage command. 
Currents In (A) to (C) were leak subtracted with the use of a l~near leak protocol off-line (29). Bath solution 
for (A) to (C) was 96 mM NaCI, 2 mM KCI, 1.8 mM CaCI,, 1 .O mM MgCI,, 5 mM Hepes (pH 7.4) (normal 
R~nger's); bath solution for (D) was I 0 0  mM KCI, 1.8 mM CaCI,, 1.0 mM MgCI,, 5 mM Hepes (pH 7.4) 
(h~gh-K+ Ringer's). Calibrat~on, 1 FA and 100 ms. 

account for the low levels of outward 
HERG current at the onset of depolariza- 
tion. During subsequent hyperpolarization, 
the inactivation is alleviated and channels 
enter the 0 state, resulting in inward cur- 
rent flow. The current is transient as chan- 
nels make the 0 + C, transition (but at a 
slower rate than do M-EAG channels). 

To extend the analogy between HERG 
and outwardly rectifying channels, we can 
describe the voltage dependence of the gat- 
ing transitions during the depolarizing pre- 
pulse by fitting the relaxations of the sub- 
sequent currents as if they were deactivat- 
ing tail currents and extrapolate to the mo- 
ment the voltage was changed (inset in Fig. 
4D). The resulting instantaneous current 
was normalized and slotted as a conduc- 
tance (g/g,,,cxx) and is predicted to be propor- 
tional to the conductance at the voltage 
transition if the inward rectification II(B)l . . , >  

were removed. The resulting plot is de- 
scribed by a Boltzmann with a voltage of 
half-maximal activation (V,) of 6 mV and a 
slope of 11.7 mV per e-fold change in con- 
ductance (n = 5) (Fig. 4D). The corre- 
sponding values determined from M-EAG 
tail currents are -5 mV for V, and a slope 
factor of 19 mV per e-fold change in con- 
ductance (n = 6). The gating transitions 

Fig. 2. Shift in HERG gating with changes in ex- 
ternal K+ concentration ([K,]). (A) Typical peak I-V 
plot of HERG inward currents evoked under two- 
electrode voltage clamp. No leak subtraction was 
necessary. (B) Least-squares fit to mean reversal 
potential (E,,,) i SD versus log[i(l, shows that 
AE,,, = 56 mV per 10-fold change in [yo, consis- 
tent with a selectivity for K+ over Na+. Ere, is the 
voltage at 0 current for each I-Vcurve (n = 5). Bath 
solut~on was 100 mM [NaCI + KCI], 1.8 mM 
CaCI,, 1 .O mM MgCI,, 5 mM Hepes (pH 7.4). 
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during the depolarizing prepulse for HERG 
channels do not depend on [K], (Fig. 4E), 
in contrast to the gating during the hyper- 
polarization, which exhibits a changing 
voltage dependence as a function of [K], 
(Fie. 2A). ~" , 

The time course of transitions into the 
I(B) state can be monitored indirectlv bv , , 
varying the duration of the depolarizing 
prepulse (Fig. 4F). According to the model, 
the amwlitude of the extranolated. instan- 
taneous inward current should be propor- 
tional to the number of channels in the 0 
and I(B) states at the end of the prepulse. If 
the 0+ I (B)  transition during depolariza- 
tion is verv fast, the time course of increase 
In the peak inward current amplitude 
should be determined by the rates of the 
transitions between the C ,  + 0 states. 

I 

analogous to the rate of activation of Sh, 
M-EAG, and other outward rectifiers. The 
conductance measured in this way (from a 
holding potential of -100 mV) reaches 
steady-state with a half-time of 149 + 1.7 
ms (mean t SD; n = 5). 

These observations lead to the hypoth- 
esis that the S4 domain in HERG mediates 
conformational changes analogous to those 
leading to channel opening in related chan- 
nels, with an inward rect~fication gate in- 
hibiting Kt  efflux during depolarization. 

Fig. 3. Cst and Ba2+ inhibit peak Inward HERG 
current at low concentrations. (A) 1-V plot of two- 
electrode voltage-clamp currents evoked before 
(B) and after (@) applcation of 1 mM Cs+ the bath. 
Inhibition IS more effective at more negative volt- 
ages (n = 4). (6) Ba2+ also inhiblts current, but no 
voltage-dependent component IS apparent over a 
range of concentrations (n = 4). No tlme depen- 
dence of cation block was observed, but this may 
have been masked by rapid decay of the Inward 
currents. Bath solution was 20 mM KCI, 80 mM 
N-methyl glucamne chloride, 1.8 mM CaCI,, 1 0 
mM MgCI,, 5 mM Hepes (pH 7.4). 

Inward rectification in HERG channels 
may arise from a soluble, internal blocking 
 article (19) such as Mg2+ or polyamines, 
which are proposed to compete with K t  
ions for binding sites along the conduction 
nath of other inward rectifiers (20. 21). , , 

Alternatively, the gate may be a rapidly 
induced form of the C-inactivation ob- 
served in Sh (22) ,  or a peptide domain of 
the channel that provides an internal block 
by a ball-and-chain type mechanism (1 7). 

KAT-1 channels from the plant Arabi- 
dopsis are inward rectifiers (23) with an S4 
domain that senses the very negative volt- 
ages characteristic of plant cells (24). 
HERG and other Eag-related channels ex- 
hibit greater structural similarity to the 
KATl inward rectifier channel (-24% 
ammo acid identity within the hydrophobic 
core) than to Sh-related channels (-15%) 
( 6 ) ,  and mav share a similar structural basis . , 

for inward rkctiflcation. 
A physiological role for HERG channels 

A 
HERG 

C 
Ctrl 

In regulating cardiac rhythmicity has been 
demonstrated by the recent discovery that 
the HERG gene is the locus for one form of 
long-QT syndrome (LQT-2) (25). This in- 
herited disorder is characterized by a pro- 
longed Q T  interval in the electrocardiogram 
arising from abnormally slow repolarization 
of action potentials (26). Individuals with 
LQT are at risk for sudden death from ven- 
tricular arrhythmia ("torsade de pointes"). 
The high levels of HERG expression in the 
heart (25) suggest that the electrophysi- 
ological phenotype of LQT-2 may be due 
directly to a mutational defect of HERG 
channels in cardiac cells. LQT syndrome 
also has been attributed to block of IKr by 
class I11 antiarrhythmic drugs (27), implicat- 
ing HERG as a possible component of IKr 
channels. Indeed, when HERG expression is 
increased by 10-fold or more over levels used 
to study the inward component, an emerg- 
ing outward component exh~bits kinetics 
consistent with IKr (Fig. 4G).  Furthermore, 

80 -100 -5h 0 50 100 0,21 , , , \, 

- ~ -- -80 ---- -105 "~repulse (mV) 
0.1 1 10 

[E-40311 (yM) 

Fig. 4. Voltage-dependent gating and pharmacological block of HERG channels. A comparison of 
two-electrode voltage-clamp currents in high-Kt Rnger's [ I  00 mM KCI, 1.8 mM CaCI,, 1.0 mM MgCI,, 
5 mM Hepes (pH 7.411. (A) HERG currents. (6) M-EAG currents. (C) Currents from water-injected oocyte. 
Oocytes In (A) and (C) were from the same frog. Calibration, 1 FA and 100 ms. (D) Equivalent g - V  relations 
for M-EAG (n = 6) and HERG (n = 5). For M-EAG, instantaneous current values were determined from 
biexponential fits (A, + A,e -' /'I + A2e -' IT2) to deactivation tails [arrow In (B)] extrapolated to t = 0. For 
HERG, current relaxations were similarly treated as deactlvaton talls and fitted as shown in inset to (D) 
with the same biexponential function. The conductance was determned by normalizing nstantaneous 
currentsfor M-EAG (@) and predicted nstantaneous currents (in absence of inactivation) for HERG (B). (E) 
Voltage-dependent gating in HERG IS Independent of [K],, g - V  relations evoked in 100 mM [K], (B) and 
20 mM [KI, (@) as described for (D). Solutions were as described, except for 20 mM [K], containing 20 
mM KC1 and 80 mM NaCI. (F) Tlme course of voltage-dependent gating in HERG channels, Inward 
currents were evoked by hyperpolariz~ng commands (to -100 mV) after depolarizlng prepulses (to 40 
mV) of increasing duration. Capacitive spikes of 1-ms duration w~th each change in voltage were 
suppressed. (G) Outward currents observed w~th HERG expression at least 10 times that for prevlous 
experiments, as determined by the amplitude of the inward current in high-K+ Ringer's (>I00 PA; not 
shown) (n = 12). Solutons and voltage protocol are as In Fig. 1 , A to C. (H) Dose-response curve showing 
inhibition of peak inward HERG current by E-4031. Currents were evoked by hyperpolarlzing steps to 
-1 20 mV from a 60-mV prepulse; currents evoked in the presence of E-4031 were normalized to the 
current in the absence of drug (n = 5 oocytes, each tested at 0.1, 0.5, 1, 2, and 5 p M )  Solution was 
high-Kt Rnger's (as in F I ~  1 D). (Inset) Block by 5 PM E-4031. Calibration, 1 pA and 100 ms. 
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the drug E-403 1, which selectively blocks 
I,, (9),  inhibits the inward HERG current 
wlth an ICS, of 588 nM (Fig. 4H), provid- 
ing a pharmacological link between 
HERG and IK1. In contrast, the outward 
current is relatively resistant to E-4031. 
The selective sensitivitv of the inward 
current, when the ope; probability of 
channels is presumed highest, suggests an 
open-channel block. The rectification 
mechanism that limits outward conduc- 
tance lnav obstruct E-4031 access to the 
pore and may explain a recent report of 
E-403 1 insens~t~vity in expressed HERG 
channels when an outward current nroto- 
col was used (28). These studies suggest 
that HERG encodes a coinponent of I,,, 
but future studies will be necessary to de- 
termine the subunit colnposition and bio- 
physical properties of native channels 
contaming HERG subunits in human car- 
diac tissue. 
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Spatial Memory of Body Linear Displacement: 
What Is Being Stored? 

Alain Berthoz, Isabelle Israel,* Pierre Georges-Fran~ois, 
Renato Grasso, Toshihiro Tsuzuku 

The ability to evaluate traveled distance is common to most animal species. Head tra- 
jectory in space is measured on the basis of the converging signals of the visual, vestibular, 
and somatosensory systems, together with efferent copies of motor commands. Recent 
evidence from human studies has shown that head trajectory in space can be stored in 
spatial memory. A fundamental question, however, remains unanswered: How is move- 
ment stored? In this study, humans who were asked to reproduce passive linear whole- 
body displacement distances while blindfolded were also able to reproduce velocity 
profiles. This finding suggests that a spatiotemporal dynamic pattern of motion is stored 
and can be retrieved with the use of vestibular and somesthetic cues. 

Active or passive whole-body displace- 
ment is estimated by convergent signals 
from the vestibular system, vision, proprio- 
ception, and efferent copies of motor com- 
mands (1,  2). The reconstruction of the 
experienced trajectory, called path integra- 
tion (3), allows a return to the departure 
point, that is, homing (3-5). The term "in- 
tegration" could correspond to the hypoth- 
esis that the brain colnputes distance either 
by cumulating successive positions along 
the path (3) or through temporal integra- 
tion of velocitv or acceleration. An alter- 
nate hypothesis is that the brain stores a 
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spatiotemporal profile of motion and re- 
plays it during return. 

Different species perform path integra- 
tion in different ways. In humans, linear 
and angular passive whole-body displace- 
ments can be stored in spatial melnory (6, 
7) and retrieved to generate accurate sac- 
cades to remembered targets (8-1 1); some 
cortical areas involved in this self-motion 
melnory have been identified (12). Al- 
though the contribution of otoliths in small 
mammals has been debated (4,  13), healthy 
humans can correctly estimate a linear dis- 
tance after passive transport (7, 9, 14); this 
performance is degraded in the absence of 
the vestibular system, at least for small dis- 
tances (9). 

One main question, however, remains 
unanswered: How is movement stored? Is it 
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