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Abstract Absence seizures are manifestations of abnormal
thalamocortical oscillations characterized by spike-and-wave
complexes in EEG. Ethosuximide (ETX) is one of the princi-
pal medications against absence seizures. We investigate the
effect of ETX on the Kir2.1 channel, a prototypical inward
rectifier K+ channel possibly playing an important role in the
setting of neuronal membrane potential. We demonstrate that
the outward currents of Kir2.1 channels are significantly
inhibited by intracellular ETX. We further show that the
movement of neutral molecule ETX in the Kir2.1 channel is
accompanied by ∼1.2 K+, giving rise to the vivid voltage
dependence of ETX unbinding rate. Moreover, the apparent
affinity (Kd) of ETX in the channels are decreased by single-
point mutations involving M183, E224, and S165, and espe-
cially by double mutations involving T141/S165, which al-
ways also disrupt the flux-coupling feature of ETX block.
Molecular dynamics simulation demonstrates narrowing of
the pore at ∼D172 by binding of ETX to S165 or T141.
ETX block of the Kir2.1 channels may cause a modest but
critical depolarization of the relevant neurons, decreasing
available T-type Ca2+ channels and consequently lessening
pathological thalamocortical burst discharges.
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Introduction

Absence seizures are characterized by abnormal
thalamocortical oscillations promoted by the burst mode of
thalamic discharges [6, 13, 19, 33]. Ethosuximide (ETX, 2-
ethyl-2-methylsuccinimide) is one of the principal medica-
tions against absence seizures [11, 33, 45]. There are also
studies suggesting that ETX has the potential for the treatment
of some major comorbidities of seizures, including anxiety-
and depression-like behavioral symptoms [2, 11, 37, 39, 45].
Previous studies on isolated thalamic and cortical neurons
demonstrated reduction of the T-type Ca2+ currents by thera-
peutic concentrations (0.5∼1.0 mM) of ETX [4, 24, 36].
Because the T-type Ca2+ channel is an essential element for
the generation of thalamic burst discharges, which predomi-
nates the cellular activity pattern relevant to absence seizures
[22], the inhibitory effect on T-type Ca2+ currents has been
presumed to be the mechanism underlying anti-absence effect
of ETX. However, there are contradictory reports which fail to
show a direct inhibitory effect of ETX on T-type Ca2+ currents
[22, 38, 44]. The origin of the anti-absence effect of ETX has
thus remained unsettled [5]. In this regard, ETX has been
shown to decrease persistent Na+ and possibly also Ca2+-
activated K+ currents in thalamocortical relay and thalamic
reticular neurons [5, 12, 26]. It would be desirable to explore
whether ETX has an effect on the other channels which may
also play an important role in the generation of
thalamocortical burst discharges and therefore absence
seizures.

Inward rectifier K+ channels (Kir channels) are widely
expressed in neurons and glial cells in the central nervous
system [5, 12, 16, 21, 26, 28, 34]. Kir channels may play an
important role in setting membrane potential and controlling
neuronal discharge patterns [15, 30, 49]. Kir channels are also
important in the regulation of extracellular K+ concentration
which could have a significant impact on neuronal excitability
and synaptic transmission [15, 30, 49]. Moreover, Kir
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channels have been implicated in the generation of seizure
activities [29, 30, 42, 48]. Astrocytic Kir 4.1 channels in
amygdala may play an important role in pilocarpine-induced
temporal lobe epilepsy, and the Kir 6.2 channels in substantia
nigra pars reticulata (SNr) could be involved in hypoxia-
induced seizures [42, 48]. Three millimolar ETX (but not
valproic acid (VPA)) was shown to inhibit ∼50 % of the
inward currents in the G protein-activated inwardly rectifying
K+ (GIRK) channels at −70 mV [23]. Of note, the strongest
inward rectifying K+ channel (Kir2.1 channel) is present in the
anterior, posterior, and reticular thalamic nuclei [28, 34],
which are involved in many critical cognitive processes. In
cocultures of thalamic and cortical neurons, Kir2.1-overex-
pressing neurons tend to have slightly more hyperpolarized
membrane potentials and smaller membrane resistances [49].
Here, we show that intracellular ETX blocks the outward
currents more effectively than the inward currents through
the Kir2.1 channel. The site responsible for this inward recti-
fying block is located at electrical distance (δ) ∼0.5 from the
intracellular milieu, most likely at S165/T141 or the external
end of the flux-coupling segment in the bundle-crossing re-
gion of the pore. It is plausible that ETX may decrease Kir2.1
currents to increase the tendency of a more depolarized mem-
brane potential, leading to a decreased tendency of
thalamocortical burst discharges and therefore ameliorating
absence seizures.

Materials and methods

Kir2.1 channel expression in Xenopus oocytes

This part of the methods is basically the same as that described
in the previous study [17, 18].Mutant channel complementary
DNAs (cDNAs) were made using the Quick Change site-
directed mutagenesis kit (Stratagene, LA Jolla, CA, USA).
Each mutant DNA of Kir2.1 channels was confirmed by
automatic DNA sequencer (Applied Biosystems, 3730Xl
DNA, Analyzer Foster, CA, USA). These plasmids DNA of
Kir2.1 channel were linearized by digestion with the NotI
restricted enzyme as described previously [17, 18].
Complementary RNA (cRNA) was made from purified line-
arized cDNA with in vitro T7 polymerase transcription reac-
tions (mMESSAGE mMACHINE, Ambio, Austin, TX,
USA). Xenopus oocytes (stages V and VI) were isolated by
partial ovariectomy from frogs anesthetized with 0.1 %
tricaine, defolliculated using 2 % collagenase and then main-
tained at 18 °C in ND 96 solution which contains the follow-
ing: 96mMNaCl, 5 mMHEPES, 2mMKCl, 1.8 mMMgCl2,
1.0 mM CaCl2, as well as 20 μg/ml gentamicin, titrate to pH
7.6 by NaOH. Oocytes were pressure microinjected with
Kir2.1 cRNA 24 h after defolliculation and were used for
electrophysiological recordings (excise inside-out giant patch

clamp) within 1–5 days. All animal experiments were per-
formed in accordance with animal welfare guidelines for the
Care and Use of Laboratory Animals promulgated by the
National Institutes of Health (NIH) and were approved by
the Institutional Animal Care and Use Committee (IACUC)
of National Taiwan University College of Medicine (approval
and permit number 95–2320).

Electrophysiological measurements

Macroscopic currents were recorded from excise inside-out
giant patches from Xenopus oocytes expressing wild-type
(WT) or mutant Kir2.1 channels with the pClamp 6.0 software
and an Axopatch 200A amplifier (Axon Instruments, Inc.,
Sunnyvale, CA, USA) [17, 18]. Data were filtered at
1∼2 kHz and digitized at 1∼10 kHz (Digidata 1200A; Axon
Instruments, Inc., Sunnyvale, CA, USA). The pipettes were
pulled from borosilicate glass. The pipette resistance was
200∼400 kΩ when filled with extracellular solutions. Unless
otherwise specified, the extracellular and intracellular solu-
tions both contained (in mM) 68 KCl, 4 KOH, 8 K2HPO4, 2
KH2PO4, and 5 K2EDTA, pH 7.4 (the “100 mMK+ solution”)
[17, 18]. The intracellular solutions also contained 25 μM
L-α-phosphatidylinositol-4, 5-bisphosphate (PIP2),
0.5∼100 mM ETX, 0.5∼1.0 mM VPA (both from Sigma
Chemical Co., St. Louis, MO, USA), 0.5∼10mM succinimide
(SUX) (from the Kanto Chemical Co., Kagaku, Japan), and
10 nM spermine (SPM) (from Sigma Chemical Co., St. Louis,
MO, USA). For the experiments in 4 mM external K+, the
intracellular solution was not changed, but the extracellular
solution contained (in mM) 2 KCl, 0.8 K2HPO4, 0.2 KH2PO4,
and 0.5 EDTA, titrated to pH 7.4 with KOH (the “4 mM K+

solution”). For the experiments in symmetrical 10 mM K+,
both intracellular and extracellular solutions contained (in
mM) 4.6 KCl, 0.9 KOH, 2 K2HPO4, 0.5 KH2PO4, and 1
EDTA, titrated to pH 7.4 with KOH (the “10 mM K+ solu-
tion”). For the experiments in symmetrical 300 mM K+, the
extracellular and intracellular solutions both contained (in
mM) 268 KCl, 4 KOH, 8 K2HPO4, 2 KH2PO4, and 5
K2EDTA (the “300 mM K+ solution”), pH 7.4. The excised
inside-out giant patch wasmoved in front of an array of square
glass emitting the intracellular solution and thus subject to
continuous perfusion of the intracellular solution for at least
5 min to wash out potential intracellular endogenous blockers
before actual experiments were carried out.

Data analysis

The susceptibility of mutant and WT Kir2.1 channels to
internal ETX was examined based on apparent Kd values.
Briefly, this part of the methods is same as that described in
the previous study [17, 18]. The dose–response relationships
of the ETX block of Kir2.1 channel were fitted using the
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modified Hill’s equation (Eq. 1). We found that the data of
steady-state ETX block could be reasonably fitted with the
equation at membrane potentials more positive than approxi-
mately −30mV (in symmetrical 100 mMK+) or more positive
than approximately −110 mV (in 4 mM external/100 mM
internal K+).

f ¼ 1

1þ ETX½ �
Kd

ð1Þ

In Eq. 1, Kd is the apparent dissociation constant of
ETX, [ETX] is the concentration of ETX, and f is the ratio
between the steady-state current amplitude in ETX and that
in control (relative current). All data are expressed as mean
±SEM.

Homology modeling of the Kir2.1 channels

This part of the methods is basically the same as that de-
scribed in the previous study [17, 18]. Homology models of
the mouse Kir2.1 channel were built based on the coordinates
from the X-ray crystal structure of the mouse Kir2.1 (PDB
ID: 1U4F) and chicken Kir 2.2 channel (PDB ID: 3SPI) [14,
32, 43]. The aligned sequences were presented to the
Discovery Studio v2.5 program (DS v2.5) (Accelrys Inc.,
San Diego, CA, USA) to generate the secondary structure
and relative positions of the chosen residues of the Kir2.1
model [17, 18, 35].

Molecular dynamics simulation of the Kir2.1 channels

Molecular dynamics simulation of the Kir2.1 channels was
also performed using the Chemistry at HARvard Molecular
Mechanics (CHARMm) force field [18, 27, 40] and
Discovery Studio v2.5 Client programs (Accelrys Inc., San
Diego, CA, USA) [17, 18, 35]. The counter ions were added
to ensure that the overall net charge on the simulation system
was zero. The simulation system provides an appropriate
environment for the interaction site water model [18]. The
water molecules and K+ ions were free to move during the
minimization, heating, equilibration, and production process.
The Leapfrog Verlet procedure was used to integrate the
equation of motion. The Van der Waal’s force was modeled
with a cutoff value of 10 Å. Berendsen coupling was applied
for the simulation parameters to maintain a constant temper-
ature of 300 °K and a constant pressure of 1 bar [1]. In the
presence of ∼40 water molecules, 7 K+ ions and/or 1 ETX or
SUX or VPA or SPM molecule were applied to the cavity
region between residues 141 and 165 of WT, S165L, T141A,
and T141A/S165L single and double mutant channels to
select the one with the lowest potential energy for equilibra-
tion from ∼10 candidate models.

Results

Inhibition of WT Kir2.1 currents by internal ETX
in symmetrical 100 mM K+

We first investigated the effect of ETX on WT Kir2.1
channels. Figure 1a shows evident inhibition of macroscopic
WT Kir2.1 currents in symmetrical 100 mM K+ by thera-
peutic concentrations (0.5 and 1.0 mM) of intracellular ETX.
Moreover, the outward currents show accelerated decay in
an ETX dose-dependent fashion. The Kd of ETX in sym-
metrical 100 mM K+ does not change as sharply around
0 mV (the reversal potential, or ERev of K

+, Fig. 1b, c) as the
cases of, for example, the strongly inward rectifying block
by intracellular spermine (SPM) [17]. The ratio between Kd

values at −30 and +30 mV is only ∼20, much smaller than
that reported for SPM (∼102,000 [17]). We also tried to
separate the voltage dependence (the dashed line in
Fig. 1c) from the flow dependence by the inward rectifica-
tion index (IR index [17]) which is defined by the ratio

Fig. 1 Inhibition of wild-type (WT) Kir2.1 currents by different con-
centrations of internal ethosuximide (ETX) in symmetrical 100 mM K+.
a Sample sweeps demonstrating inhibition of WT Kir2.1 currents in the
same patch by 0.5 and 1.0 mM internal ETX in symmetrical 100 mM
K+. The patch was first hyperpolarized from the 0 mV holding potential
to −100 mV for 20 ms and then stepped to test voltages between −150
and +100 mV for 150 ms in 10-mV increment. The dotted lines indicate
the zero current level. b The relative currents are defined by the ratio
between the steady-state currents in ETX and in control and are plotted
against ETX concentration (n=5–8). The lines are fits with Eq. 1 to
obtain the apparent dissociation constant (Kd) of ETX. c The Kd from b
is plotted against voltage in a semilogarithmic scale. The Kd values at
−30 to −10 mVare fitted with a function Kd(V)=Kd(0) exp (−ZδV/25 mV),
with Kd(0)=27.2 mM and Zδ=1.08 (the dashed line), where Zδ is the
product of the functional charges on the blocker and the electric distance
of the blocking site from the inside, and V is membrane voltage in
millivolts (mV)
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between the Kd predicted by the dashed line and the actually
measured value at +30 mV. The IR index is only ∼1.7 for
ETX block in the WT Kir2.1 channel (Fig. 1c), in contrast
to ∼1,200 for SPM [17].

Inhibition of WT Kir2.1 currents by internal ETX in 4 mM
external and 100 mM internal K+

We further examined the effect of the internal ETX in 4 mM
external and 100 mM internal K+ (for a more physiological
ERev of approximately −80 mV) (Fig. 2a–c). The Kd in
asymmetrical (4 mM/100 mM) K+ changes even less sharply
in the vicinity of the reversal potential −80 mV. Moreover, it
is noted that the Kd values in 4 mM/100 mM K+ are smaller
than that in symmetrical 100 mM K+, implying stronger
blocking effect of internal ETX with lower concentrations
of external K+. This finding indicates that internal ETX
blocks the channel at a point where it may interact with
external K+. In other words, ETX should block the Kir2.1
channel in the pore.

Two components of internal ETX unblock in WT Kir2.1
channel

If ETX inhibits the Kir2.1 channel as a pore blocker, it is
intriguing how the blocking constant (Kd) should be appar-
ently voltage-dependent, because ETX is mostly uncharged in
physiological conditions (pHi=7.4). We therefore explored
the kinetics of ETX binding to and unbinding from the WT
Kir2.1 channel in more detail. We found a “slow tail” when
the patch was repolarized from +100 to −100 mV pulse only
in the presence but not in the absence of internal ETX
(Fig. 3a). The slow tail thus is most likely ascribable to the
slow unbinding of ETX from its pore-blocking site [17, 18].
Consistently, the slow tail shows the same decay time constant
irrespective of the length at the +100mV pulse. The amplitude
of the slow tail, however, becomes larger with lengthening of
the +100 mV pulse before reaching a saturating level. The
development of the slow tail therefore may signal the course
of ETX binding to this slow unbinding site at the preceding
pulse at +100mVand indeed shares a very similar time course
of the decay of the macroscopic outward currents at +100 mV
(Fig. 3b). A closer look at the saturating amplitude of slow tail
in Fig. 3a, however, reveals that it is always ∼40 % (the fast
phase is always ∼60 %, and thus, the fast phase/slow phase
amplitude ratio is ∼1.5) of the total inward current irrespective
in either 1.0 or 4.0 mM ETX (Fig. 3c). This finding suggests
that the blocking ETX may be “pushed” by the outward or
inward K+ flux to assume a more external or more internal
blocking position and consequently a different blocking effect
on K+ currents (see Discussion for more details). The ETX
blocking site(s) thus should be located in a flux-coupling
region of the pore.

Strong voltage dependence in the unbinding kinetics
but negligible voltage dependence in the binding kinetics
of internal ETX

The binding rate of ETX to this flow-dependent blocking site
is barely voltage-dependent (Zδ ∼0.06, Fig. 3d, e). In contrast,

Fig. 2 Inhibition of WT Kir2.1 currents by internal ETX in external
4 mM/internal 100 mMK+. a Sample sweeps demonstrating inhibition of
WT Kir2.1 currents by internal ETX in the same patch in external 4 mM/
internal 100 mM K+. The holding potential is −80 mV rather than 0 mV;
otherwise, the pulse protocol is the same as that in Fig. 1a. The dotted
lines indicate the zero current level. b The apparent Kd is obtained by the
same way as that in Fig. 1b (n=5–8). c The Kd–voltage relationship in
external 4 mM/internal 100mMK+ (the same approach as that in Fig. 1c).
The Kd values between −110 and −90 mVare fitted with Kd(0)=6.3 mM
and Zδ=0.67. TheKd–voltage relationship in symmetrical 100 mMK+ in
Fig. 1c (red line) are replotted here for comparison

1736 Pflugers Arch - Eur J Physiol (2015) 467:1733–1746



the unbinding rate is strongly voltage-dependent (Zδ ∼0.58,
Fig. 4a, b). Because the voltage dependence of on and off rates
is obtained with preponderant outward (+80∼+120 mV) and
inward currents (−20 to −100 mV), respectively, the foregoing

voltage dependence should be close to the “true” voltage
dependence devoid of flux-coupling effect. In view of the
electroneutral nature of the ETX molecule, the true voltage
dependence most likely arises from charged particles

Fig. 3 The slow component of internal ETX unblock in WT Kir2.1
channel. a The patch was held at 0 mV and pulsed twice to −100 mV.
The intervening depolarization gap between the two pulses was set at +
100 mVand lengthened by 10 ms between each sweep. The dotted lines
indicate zero current level. Note that the slow tail gets larger with
lengthening of the +100 mV pulse (until a plateau is reached, red dotted
lines). Also the development of the slow tail is faster in 4.0 mM than in
1.0 mM ETX (the monoexponential fits to the red dotted lines show time
constants of ∼7.9 and ∼3.8 ms for internal 1.0 and 4.0 mM ETX,
respectively) (see the inset figure for the detailed illustration of the slow
phase (slow tail) and the fast phase. b Cumulative results were obtained
from four patches with the same protocol described in a. The very similar

tauon,1 and tauon,2 are the time constants of the development of the slow
tails and the decay of the macroscopic outward currents in 4.0 mM ETX,
respectively. c The ratio between the amplitude of the fast and slow
phases of the inward currents upon stepping to −100 mV from +
100 mV in a is almost identical in 1.0 and 4.0 mM ETX (n=5–7). d
The reciprocals of the time constants for the development of the slow tail
in a (1/tauon or the on rates) are plotted against the ETX concentration
(with the intervening depolarization gaps set between +80 and +120 mV
and linear fits in dashed lines, n=5–7). e The slope in d is plotted against
voltage and fitted with a regression line of the form kon=5.5×10

7 exp
(0.06 V/25 mV)/M/s, where V is the intervening depolarization voltage in
millivolts (mV)
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accompanying the moving and blocking ETX, presumably
permeating K+ ions in this case. We therefore examined the
ETX slow off-tail currents between −20 and −100 mV also
in symmetrical 4, 10, and 300 mM K+. The unbinding
kinetics of ETX in symmetrical 4 and 10 mM K+ are faster
but less voltage-dependent than that in symmetrical 100 mM
K+. The Zδ value decreases from ∼0.58 in symmetrical 300
or 100 mM K+ to 0.43 in 10 mM K+, and 0.38 in 4 mM K+

(Fig. 4b). The reasonable linear correlation in all the four
sets of data (4, 10, 100, and 300 mM K+) and the tendency,
as well as saturation of the voltage dependence change with
K+ concentrations would argue against significant artifact
caused by the very different ionic milieu beyond the phys-
iological range. These findings therefore lend a strong sup-
port for the view that the movement of ETX is coupled by
permeating K+ ions. The faster unbinding kinetics in lower
ambient K+ concentration, on the other hand, signal K+

occupancy at the (internal) pore mouth and consequent

retardation of the inward exit of ETX with inward K+ flux
(see Discussion for details).

Decrease of voltage and flow dependence of ETX block
in the E224G and M183N mutant channels

We have demonstrated that internal SPM block of the Kir2.1
channel is similarly composed of a voltage-independent
binding and a voltage-dependent unbinding process. Also,
SPM unbinding from the Kir2.1 channel pore is composed
of a fast and a slow phase [17]. We have further located the
flux-coupling segment of the Kir2.1 channel pore to the
bundle crossing region, which internal SPM must traverse
to reach its blocking site at D172/S165 [17]. In view of the
apparent similarity between ETX and SPM blocking the
Kir2.1 channel pore, we explored the effect of ETX on the
M183N and E224G mutant channels (Fig. 5), two point
mutations directly (M183N) or allosterically (E224G) caus-
ing narrowing of the pore at the bundle-crossing region [17].
The ETX Kd values are much less voltage-dependent and
show no abrupt change around the reversal potential in the
E224G and M183N mutant channels with IR indices of 0.9
and 1.0, respectively (Fig. 5c). These findings support that
internal ETX, just like SPM, also has to go through the flux-
coupling bundle-crossing region of the pore to reach the
final blocking site.

Decrease of ETX blocking effect in the S165L but not D172N
mutant channels

It has been shown that internal SPM blocks the Kir2.1
channel pore at a site at the external end of the flux-
coupling bundle-crossing region, probably composed of
D172 and demarcated externally by S165 [9, 17]. We
found that, in sharp contrast to the case of SPM block,
D172N mutation has only a negligible effect on ETX block
(Fig. 6; see also Discussion and Fig. 8). On the other hand,
S165L mutation, which has a less profound effect on SPM
block of inward currents but markedly increases the chance
of outward exit of SPM with outward currents [17], signif-
icantly decreases the blocking effect of ETX especially at
positive voltages (Fig. 6c). We also examined the effect of
the other substitutions (A, C, G, P, K, and R) for S165 and
got four more mutant channels (S165A, S165C, S165G,
and S165P) showing enough currents for analysis
(Fig. S1). The findings are qualitatively similar among
these different S165 mutant channels, which show mark-
edly decreased or essentially negligible changes around the
reversal potential (0 mV) in the ETX Kd–Vm plot. These
findings suggest that the blocking ETX is located at a site
very close to S165 (the external demarcation of the SPM
blocking site) with positive membrane voltages or prepon-
derant outward flow. We further explored the possible role

Fig. 4 Voltage dependence of ETX unblocking kinetics in theWTKir2.1
channels. a The voltage across the patch membrane was stepped from the
holding potential −100 to +100 mV for ∼50 ms and then stepped to
different test voltages between −100 and 0 mV for ∼100 ms in 10-mV
increment in symmetrical 100 mM K+ 30 mM internal ETX. Note the
faster decay of the slow tail (the faster unbinding rates of ETX) at more
negative potentials. The dotted lines indicate the zero current level. b The
inverses of the time constants of the slow tail currents in part a are plotted
against membrane potential (n=5–7). The off rates (1/tauoff) are fitted
with a regression line of the form 0.14 exp (−0.58 V/25)/ms in 100 mM
K+. The off rates revealed by similar experiments are 0.08 exp (−0.58 V/
25)/ms, 0.26 exp (−0.43 V/25)/ms, and 0.32 exp (−0.38 V/25)/ms in
symmetrical 300, 10, and 4 mM K+, respectively
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of T141, a residue in close proximity to S165 (Fig. S1).
Substitutions with A, E, W, K, and R for T141 yielded only
two mutant channels showing enough currents for analysis
(T141A and T141E, Fig. S1). Although T141A single
mutation does not have an apparently discernible effect
on the action of ETX, T141A/S165L double mutation
markedly decreases the blocking effect of ETX
(Fig. 7a, b). Double mutant cycle analyses of the Kd

changes with T141A and S165L mutations reveal a
superadditive effect (Fig. 7c). This superadditive effect
implies that T141 and especially S165 act as two versatile
ligands to accommodate the blocking ETX with outward
K+ currents. This idea is substantiated by molecular dy-
namics simulation, which demonstrates that the –NH group

of ETX may interact with the –OH group in either S165 or
T141 (Fig. 8). Moreover, ETX probably does not block the
pore simply by itself. Instead, ETX binding to S165 or
T141 would induce a dramatic conformation change and
narrow the pore at D172 (Figs. 8 and 9).

The structural determinants on ETX for the block of Kir2.1
channels

It is interesting that ETX probably binds to residues
S165/T141 to induce a pore-narrowing conformational
change at D172 to decrease the K+ flow (Fig. 8). It would be
desirable to explore the structural determinants on ETX re-
sponsible for the induction of this intriguing conformational

Fig. 5 Inhibition of the E224G
and M183N mutant Kir2.1
currents by internal ETX. a
Sample sweeps demonstrating
inhibition of E224G and M183N
mutant channels by internal ETX
in symmetrical 100 mM K+.
Sweeps for each type of mutant
channel were recorded with the
same protocol as that in Fig. 1 in
the absence or presence of
internal 1.0 mM ETX. The dotted
lines indicate the zero current
level. b The apparent Kd of ETX
in the E224G and M183N mutant
channels is obtained by the same
way as that in Fig. 1b. c The Kd

values of E224G and M183N
mutant channels from b are
plotted against voltage (the same
approach as that in Fig. 1c,
n=5–8). The dashed lines are fits
to the data points between −30
and −10 mV (the same approach
as that in Fig. 1c), with Kd(0)

∼25 mM and Zδ 0.48 (E224G), or
Kd(0) ∼10 mM and Zδ 0.5
(M183N). The WT channel data
(red line) are taken from Fig. 1c
for comparison
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change. Succinimide (SUX) is structurally very similar to
ETX but lacks the methyl and ethyl side chains. In concentra-
tions as high as 10 mM, SUX fails to show any discernible
effect on the Kir2.1 currents, whether the currents are inward
or outward (Fig. 9a). Molecular dynamics simulation shows
that –NH group in SUX could also interact with the –OH
group in residue T141. However, the orientation of the SUX
molecule is different from ETX. The distance between D172
residues therefore remains unchanged with SUX binding
(Fig. 9b, c), well consistent with the experimental finding that
SUX does not affect Kir2.1 currents. We conclude that the
methyl and ethyl side chains play an essential role in the
blocking effect of ETX on Kir2.1 channels, possibly via the

induction of changes in the orientation of the peptide chain
containing D172, where the pore caliber is then significantly
reduced (Fig. 9d).

The superadditive blocking effects of ETX and SPM
on the WT Kir2.1 currents

Intracellular SPM is a key blocker and modulator of the
WT Kir2.1 channel. Because the SPM binding site in the
presence of outward currents involves D172 [10, 17, 46,
47], we studied the possible interaction between ETX and
SPM with outward currents. One millimolar ETX and
10 nM SPM were concomitantly applied to the channel
of excised inside-out patches (Fig. 10a). There is a
superadditive blocking effect in terms of both steady-
state and kinetic considerations (Fig. 10b, c), implying
the conformational changes induced by ETX sustain in
the presence of SPM and facilitate SPM block. This idea
is supported by molecular dynamics simulation (Fig. 10d–
f). The diagonal distance between D172 residues in the
channel pore is similarly reduced to <10 Å by ETX

Fig. 6 Inhibition of the D172N and S165L mutant Kir2.1 currents by
internal ETX. a Sample sweeps demonstrating inhibition of D172N and
S165L mutant channels by internal ETX in symmetrical 100 mMK+ (the
same protocol as that in Fig. 1). b The apparent Kd of ETX in the D172N
and S165L mutant channels is obtained by the same way as that in
Fig. 1b. c The Kd values of D172N and S165L mutant channels from b
are plotted against voltage (the same approach as that in Fig. 1c, n=5–8).
The dashed lines are fits to the data points between −30 and −10 mV (the
same approach as that in Fig. 1c), with Kd(0) ∼16 mM and Zδ 0.97
(D172N), or Kd(0) ∼45 mM and Zδ 0.6 (S165L). The WT channel data
(red line) are taken from Fig. 1c for comparison

Fig. 7 Inhibition of the T141A and T141A/S165L mutant channels by
internal ETX. a The apparentKd of ETX in the T141A and T141A/S165L
mutant channels is obtained by the same way as that in Fig. 1b. b The Kd

values of D172N and S165L mutant channels from a are plotted against
voltage (the same approach as that in Fig. 1c, n=5–8). The dashed lines
are fits to the data points between −30 and −10 mV (the same approach as
that in Fig. 1c), with Kd(0) ∼25.4 mM and Zδ 0.99 (T141A), or Kd(0)

∼190 mM and Zδ 0.4 (T141A/S165L). The WT channel data (red line)
are taken from Fig. 1c for comparison. c Double-mutant cycle analysis of
the T141A + S165L single and double mutant channels at +40 mV. The
coupling coefficient (Ω) is defined by the ratio between the product of the
Kd changes in each single mutant channel (versus the WT channel) and
the Kd changes in the T141A/S165L double mutant channel (versus the
WT channel), and is ∼5.3 (i.e., (0.8)×(0.2)/(0.03))
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whether SPM is present or not (Fig. 10d–f). ETX thus
may synergistically increase the blocking speed and po-
tency of SPM, presumably by narrowing the pore at D172
and consequently prohibiting the outward exit of the
blocking SPM and/or decreasing K+ flux across the
SPM-blocked region [17].

Discussion

ETX blocks the Kir2.1 channel pore at the external end
of the central cavity with outward K+ currents

ETX are uncharged molecules which may freely permeate
through cell membrane or relevant lipid-based structure [7,
8]. ETX concentrations in plasma and cerebrospinal fluids
(CSF) are thus similar [7]. Also, the mean tissue/plasma
ratios of ETX in various brain regions, including cortex,
midbrain, cerebellum, and brainstem are fairly close to ∼1

Fig. 8 Molecular dynamics simulation of ETX action in the Kir2.1
channel pore. a The homology model is constructed based on the correl-
ative X-ray crystal structures of the mouse Kir2.1 and chicken Kir2.2
channel (see Materials and methods). Side view of the Kir2.1 channel
shows the transmembrane domain of the two subunits. b In the presence
of 40 water molecules and 7 K+ ions, the ETX molecule applied to the
cavity region between residues 141 and 165 of the transmembrane
domain is found to stay close to the side chains of S165 in the T141A
mutant channel (left panel). On the other hand, ETX cannot approach
S165L but T141 in the S165L mutant channel (right panel; stick model:
carbon, grey; nitrogen, blue; hydrogen;white; and oxygen, red). The –NH
group of the ETX molecule may interact with the –OH group at T141 or
the –OH group at S165 (short dashed lines). c The distance between
residues D172 from tip to tip is ∼16.3 Å in the absence of ETX (left
panel), but is markedly decreased with ETX binding to either residues
S165 or 141 (∼9.3 Å, right panel). dA summary plot of the diagonal (tip–
to–tip) distances between residues T141, S165, and D172 in the absence
(control) and presence of ETX in the WT Kir2.1 channel

Fig. 9 Lack of a pore-narrowing effect of internal succinimide (SUX). a
Sample sweeps were recorded in internal 1.0 and 10 mM SUX in WT
Kir2.1 channel using the same pulse protocol as that in Fig. 1a. b The
structure of SUX and possible interactions between SUX and the Kir2.1
channel pore are given by molecular dynamics simulation (the same
colors of atoms as that in Fig. 8). With the same approach as that in
Fig. 8b, the –NH group of the SUX molecule stay close to the oxygen
atom at residue T141 (short dashed lines). The tip to tip distance between
residues D172, however, remains unchanged by SUX (∼15.7 Å). c A
summary plot of the tip-to-tip diagonal distance between residues T141,
S165, and D172 in the absence (control) and presence of SUX in the WT
Kir2.1 channel. d With the same approach as that in Fig. 8b, ETX has a
much more prominent effect of “adducting” D172 side chains to an
internally deflected position and thus decreasing the diagonal distance
of D172 by ETX but not SUX. The side chains of D172
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Fig. 10 Superadditive inhibitory effect of concomitant spermine (SPM)
and ETX molecules on the WT Kir2.1 channel. a Sample sweeps dem-
onstrating the inhibition of WT Kir2.1 currents in the same patch by
intracellular 1.0 mM ETX, 10 nM SPM, and combination of 1.0 mM
ETX and 10 nMSPM in symmetrical 100 mMK+. The voltage across the
patch membrane was first hyperpolarized from the 0 mV holding poten-
tial to −100 mV for 10 ms and then stepped to test voltages from −100 to
+100 mV for 150 ms in 10-mV increment. The dotted lines indicate the
zero current level. b Cumulative results were obtained from five patches
with the same protocols described in a. The relative currents are defined
by the ratio between the steady-state WTKir2.1 currents in 1.0 mMETX,
10 nM SPM, or concomitant 1.0 mM ETX and 10 nM SPM and that in
control. The relative currents (the same definition as that in Fig. 1b, n=5)
in concomitant 1.0 mM ETX and 10 nM SPM is much smaller than in
1.0 mM ETX or 1.0 nM SPM alone at +20, +40, and +60 mV. *p<0.05
and **p<0.005, by Student’s t test. c The decay time constants of the
outward currents in the WT channel are much smaller in concomitant

1.0 mMETX and 10 nMSPM than those in either 1.0 mMETX or 10 nM
SPM. *p<0.05 and **p<0.005, by Student’s t test. d In the presence of 40
water molecules, 7 K+ ions, 1 ETX, and 1 SPMmolecules were applied to
the central cavity of the Kir2.1 channel. The ETX and SPMmolecules of
the binding sites are presented in a CPK model (carbon, grey; nitrogen,
blue; and oxygen, red). With the same approach as that in Fig. 8b and
concomitant application of ETX and SPM, the representative structure of
the transmembrane and cytoplasmic domains of one subunit of the WT
Kir2.1 channel is presented. A regional view of the residues T141, S165,
and D172 in the boxed panel (the same colors of atoms as that in Fig. 8). e
With the same approach as that in d, two subunits of the channel are
presented in a solid-ribbon model. The distance between diagonal resi-
dues D172 from tip to tip is ∼9.5 Å in the concomitant presence of ETX
and SPM. e A summary plot of the tip-to-tip diagonal distance between
residues D172 in control, and in the presence of ETX, or SPM, or both in
the WT Kir2.1 channel. Note the very similar effect of ETX alone and
ETX + SPM
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(0.9–0.94) [31]. These results further substantiate that the
extracellularly applied ETX could indeed distribute across
the cell membrane and exerting its pharmacological effects
on the cytoplasmic side. The experimental configuration in
this study, e.g., intracellular 0.5–1.0 mM ETX, therefore
should be roughly equivalent to the clinical conditions,
where ETX would come from the extracellular space (with
therapeutic concentrations 0.5–1.0 mM) and equilibrate with
the intracellular space of central neurons. We have shown
that intracellular ETX has no effect on the inwardly Kir2.1
currents [23] but an evident and dose-dependent inhibitory
effect on the outward currents (Fig. 1). ETX therefore seems
to block the Kir2.1 channel in a way apparently similar to
that of SPM, which is a molecule containing 4 possible
charges. Indeed, SPM or ETX in the Kir2.1 channel pore
would be pushed to the external end of the flux-coupling
region with preponderant outward K+ currents. However, in
contrast to SPM which binds to ∼D172 and directly blocks
the pore [17, 18], ETX binds to S165 or T141. Moreover,
ETX does not seem to have a very specific binding config-
uration in the vicinity of S165 and T141 (and thus the much
larger apparent Kd than SPM) but could block the pore by
induction of conformational change at D172 (Figs. 8, 9, 10,
and 11). ETX may be chiefly accommodated by S165 in the
WT channel. However, if S165 is no longer available (e.g.,
with S165L mutation), ETX may also be accommodated by
T141 (Fig. 8c). S165L/T141A double mutation would make
both of the versatile choices impossible and thus markedly
decrease the blocking effect of ETX in a superadditive way.
In contrast, VPA has no apparent effect on the WT Kir2.1
currents, consistent with the finding that VPA could not
form any significant bonds with the Kir2.1 channel pore
(Figs. S2 and S3). Also, although the –NH group of SUX
forms a hydrogen bond with the oxygen atom in residue
T141, no pore-narrowing effect at D172 could be induced
(Fig. 9b–d). This is consistent with the lack of discernible
effect of SUX on the Kir2.1 currents (Fig. 9a).

The movement of ETX in the flux-coupling region of Kir2.1
channel pore is accompanied by ∼1.2 K+ ions in 100 mM
ambient K+

It is interesting that ETX, presumably an uncharged mol-
ecule by itself in physiological conditions, would be capa-
ble of moving back and forth in the flux-coupling region of
the Kir2.1 channel pore (Fig. 11), showing features of
voltage- as well as flow-dependent block. Because the very
asymmetrical barrier deduced from the distinct voltage
dependence of binding and unbinding kinetics of ETX
(Figs. 3 and 4) is also similar to the case of SPM [17], it
would be reasonable to assume that the ETX blocking site

in the vicinity of S165/T141 is located at an electrical
distance (δ) of ∼0.5 from the inside. The Zδ of the unbind-
ing rate of ETX (0.58, Fig. 4) would then signal that ETX
moves in the pore with an equivalent charge of ∼1.2. In
other words, ETX most likely is accompanied by ∼1.2 K+

ions when traveling in the pore of the Kir2.1 channel in the
presence of 100 mM symmetrical K+ solution. The ∼1.2 K+

seems to be a saturating member as it is unchanged if the
ambient K+ is increased to symmetrical 300 mM K+. On
the other hand, the number of the accompanying K+ de-
creases to ∼0.9 and ∼0.8 in symmetrical 10 and 4 mM K+,
respectively, further substantiating that the movement of
ETX is functionally associated with the permeating K+

from the ambient solution. The associated movement of
ETX and permeating K+ is again reminiscent of the case of
SPM. In this regard, it is interesting that the length of each
hydrophobic group in SPM is similar to the total length of
the ETX molecule (∼5.7 Å). This is probably why ETX
(with the accompanying K+) could share some of the
Kir2.1 pore-blocking features with SPM. On the other
hand, the four charges and three hydrophobic units are
connected in a row in SPM, whereas there are at most only
∼1.2 charges associated with one hydrophobic unit for the
moving ETX in the Kir2.1 channel pore. This could be the
reason why there is a much more pronounced rectifying
feature of SPM block than ETX. In any case, it is plausible
that the flux-coupling region of the Kir2.1 channel pore is
composed of regularly or semiregularly spaced hydropho-
bic and hydrophilic sites and thus is relatively vulnerable
to quite a few different blockers from the inside where the
entry into the pore is much less censored than those from
the outside (as the selectivity filter is located at the external
end of the pore).

The modest neuronal depolarization ascribable to Kir2.1
channel block may contribute to the anti-absence effect
of ETX

Absence seizures are closely related to the burst mode of
discharges of the thalamic relay and especially reticular
neurons [3, 13, 41]. The shift between burst (oscillatory)
and tonic (relay) modes of discharges in turn is determined
by neuronal membrane potential. Depolarization by 2–
4 mV may be enough to shift the firing mode from burst
to tonic [13, 41]. The clinical therapeutic concentration of
ETX reduces burst probability of thalamic reticular nucle-
us and thalamic relay neurons [26] and increases tonic
firing of thalamocortical neurons in slices [20].
According to the findings in Fig. 2, 1 mM ETX (a high
therapeutic concentration of ETX) could inhibit ∼10 % of
the outward K+ currents through the Kir2.1 channel at −50
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to −70 mV in physiology conditions (presumably 4 mM
external and 140 mM internal K+). Based on the
Goldman–Hodgkin–Katz equation, PK

+/PNa
+ in the cell

membrane is simplistically ∼16/1 (in intracellular K+, in-
tracellular Na+, extracellular K+, and extracellular Na+:
140, 10, 4, and 140 mM, respectively) to make a resting
membrane potential of −60 mV assuming no other
coexisting major conductance. If the major K+ conduc-
tances in the resting condition are as ascribed to the inward
rectifier K+ channels, a 10 % reduction of PK

+ by 1 mM
ETX may then depolarize the neuron by ∼2 mV. A depo-
larization effect by ∼2 mV might be hard to document
convincingly in thalamic neurons, which usually do not
have a stable resting membrane potential especially when
finding in the burst mode. However, with a slope factor of
∼7.3 for the inactivation curve of T-type Ca2+ channels (in
thalamic neurons [25]), a ∼2 mV depolarization in mem-
brane potential in the vicinity of Vhalf (where ∼50 % of the
channel is available) would decrease the channel availabil-
ity from ∼50 to ∼43 %, or a ∼14 % decrease in the
available T-type Ca2+ currents. This modest decrease in
T-type Ca2+ currents presumably would have a significant
effect only on those neurons with a borderline amount of
available T-type Ca2+ currents, switching their firings from
the burst mode to the tonic mode of discharge. This could
be consistent with the finding that ETX not only reduces
burst probability of thalamic neurons [26] but also increase
tonic firings of thalamocortical neurons in slice [20]. One
way to envisage the pharmacological effect of ETX
against absence seizures thus could be a depolarizing
effect too modest to be reliably and directly measured,
but enough to decrease the availability of T-type Ca2+

channels, as well as thalamic burst discharges, and enough

to slightly increase the “excitability” of the thalamic neu-
rons for tonic discharges [13, 20, 25]. The modest effect of
ETX on membrane potential and T-type Ca2+ currents
could actually be the key attribute making ETX a clinical-
ly useful regimen against absence seizures, as ETX could
then have a relatively “selective” inhibition of those ab-
normally enhanced bursts which happen to rely on a mod-
est increase of available T-type Ca2+. ETX may therefore
have only minimal cognitive side effects [11], and if ad-
verse reactions of ETX do happen, the common ones are
those associated with the inappropriately suppressed burst
d i s c h a r g e s i n t h e t h a l a m o c o r t i c a l a n d / o r
vestibulocerebellar circuits (e.g., decrease in concentra-
tion, sleep disorder, and dizziness) [11]. In summary, the
modest inhibition of inward rectifier K+ currents by
∼1.0 mM ETX could reasonably contribute to the anti-
absence effect of ETX. It may work together with direct
inhibition of persistent Na+ currents [5, 26] and/or T-type
Ca2+ currents [4, 24] to decrease burst discharges and thus
absence seizures. It would be desirable to investigate if the
different clinical effect between ETX and VPA could be at
least partly ascribable to the different effect on the Kir2.1
currents and if ETX has the other clinical applications in
view of the growing list of neuropsychiatric functions and
dysfunctions associated with inward rectifier K+ currents.
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Fig. 11 A schematic model describing the intracellular ETX blocking
effect on the Kir2.1 channel. The blocking ETX in the flux-coupling
segment can take different positions according to the K+ flux. When there
are outward K+ currents (preponderant K+ efflux in the segment), ETX is
“pushed” to the most external position of the flux-coupling segment and
interacts with S165 or T141 just internal to the selectivity filter of the
pore. Conformational changes are then induced at ∼D172, where marked
pore narrowing happens to decrease K+ flux. When there are inward K+

currents (preponderant K+ influx in the segment), ETX would take the

innermost position in the relatively wide part of the flux-coupling seg-
ment, inducing no pore narrowing, and thus only a partial or less pro-
nounced block of the K+ currents. The blocking ETX at this innermost
position would need to cross the energy barrier at the inner end of the
bundle-crossing region to exit the flux-coupling segment, and the pore is
then completely unblocked. This is why there is an initial fast phase
followed by a slow phase (slow tail) in the development of the inward
currents upon membrane hyperpolarization following a depolarizing
pulse in the presence of internal ETX
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