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Gabapentin activates ROMK1 channels by a protein
kinase A (PKA)-dependent mechanism

C-H Lee!, T-S Tsai! and H-H Liou'?

' Department of Pharmacology, College of Medicine, National Taiwan University, Taipei, Taiwan and *Department of Neurology,
National Taiwan University Hospital, Taipei, Taiwan

Background and purpose: Gabapentin is an effective anticonvulsant. The major physiological function of renal outer
medullary potassium (ROMKT) channels is to maintain the resting membrane potential (RMP). We investigated the effect of
gabapentin on ROMKT1 channels and the mechanism involved.

Experimental approach: Xenopus oocytes were injected with mRNA coding for wild-type or mutant ROMKT1 channels and
giant inside-out patch-clamp recordings were performed.

Key results: Gabapentin increased the activity of ROMK1 channels, concentration-dependently and enhanced the activity of
wild-type and an intracellular pH (pH;)-gating residue mutant (K8OM) channels over a range of pH;. Gabapentin also increased
activity of channels mutated at phosphatidylinositol 4,5-bisphosphate (PIP,)-binding sites (R188Q, R217A and K218A).
However, gabapentin failed to enhance channel activity in the presence of protein kinase A (PKA) inhibitors and did not
activate phosphorylation site mutants (S44A, S219A or S313A), mutants that mimicked the negative charge carried by a
phosphate group bound to a serine (S44D, S219D or S313D), or a mutated channel with a positive charge (S219R). These
findings show that gabapentin activates ROMK1 channels independently of the pH; and not via a PIP,-dependent pathway.
The effects of gabapentin on ROMK1 channels may be due to a PKA-mediated phosphorylation-induced conformational
change, but not to charge—charge interactions.

Conclusions and implications: ROMK1 channels are the main channels responsible for maintaining the RMP during cellular
excitation. Gabapentin increased the activity of ROMK1 channels by a PKA-dependent mechanism, reducing neuronal
excitability, and this may play an important role in its antiepileptic effect.
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Introduction

Gabapentin (1-(aminomethyl) cyclohexaneacetic acid) is an
effective antiepileptic drug in the treatment of refractory
partial seizures and secondary generalized tonic-clonic
seizures (Taylor ef al., 1998). It also shows efficacy in anxiety
and neuropathic pain, including postherpetic neuralgia (Rice
and Maton, 2001). Gabapentin has been reported to have
direct effects on the excitability of sensory neurons by
blockade of Ca®?* and Na™ channels or activation of K*
channels (Mixcoatl-Zecuatl et al., 2004). In addition, it
activates postsynaptic K* currents in rat hippocampal slices,
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probably by an agonist action on the y-aminobutyric acid
(GABA)g(1a,2) receptors (Ng et al., 2001).

Inwardly rectifying K* (Kir) channels play pivotal roles in
the maintenance of the resting membrane potential (RMP)
that regulates the membrane potential of neurons, respon-
siveness to synaptic inputs and neurotransmitter release
(Reimann and Ashcroft, 1999). Cells expressing a sufficient
quantity of Kir channels are expected to have a low RMP
close to the K™ equilibrium potential (Ex). This decreases the
electrical excitability of the neuron, thereby reducing the
likelihood of inappropriate or excessive electrical signals,
such as those that occur during epileptic episodes (Neusch
et al., 2003).

Gabapentin inhibits K" -evoked [*H]noradrenaline release
from rat and human brain slices through activation of Karp
channels (Freiman et al., 2001). Baclofen, a broad-spectrum
GABAg receptor agonist, activates K™ currents in weaver



mice, which lack the Kir 3.2 channel, whereas gabapentin,
a selective agonist of GABAp receptors made up of
GABAGg1a,2) heterodimers, does not (Bertrand et al., 2003a).
Gabapentin reduces hippocampal epileptiform discharges in
hippocampal cells by activating GABAg receptors and
modulating Kir 3 channels (Bertrand et al., 2003b). Gaba-
pentin activates Ca®*-activated and ATP-sensitive K* chan-
nels to produce part of its spinal antiallodynic effect in a
model of neuropathic pain in the rat (Mixcoatl-Zecuatl et al.,
2004). Although gabapentin has been shown to be an
agonist of the GABAj receptor linked to Kir 3.1/3.2 in the
Xenopus oocytes expression system (Ng et al., 2001), its
intracellular mechanism of action remains unclear.

Renal outer medullary potassium (ROMK1; also known as
Kir 1.1) channels are highly expressed in the rat hippo-
campus and cortex (Kenna et al., 1994) and maintain the
RMP in hippocampal neurons during cellular excitation
(Nadeau et al., 2000). These channels are regulated by
multiple signalling pathways, including membrane phos-
pholipid phosphatidylinositol 4,5-bisphosphate  (PIPy),
protein kinase A (PKA) and the intracellular pH (pH;). PIP,
directly interacts with the proximal C terminus of ROMK1
channels and this is important for the constitutive opening
of channels (Huang et al., 1998). PKA-mediated phosphory-
lation has been reported to activate ROMK1 channels (Liou
etal., 1999). ROMKI1 channels are exquisitely sensitive to the
pH;, and intracellular acidification reversibly reduces the
open probability of ROMK1 channels (Fakler et al., 1996;
McNicholas et al., 1998; Leung et al., 2000). To investigate
the close relationship between gabapentin and Kir channels,
we examined the effects of gabapentin on ROMK1 channel
activity using giant patch-clamp recording in Xenopus
oocytes. Our results identified a novel pathway of ROMK1
channel activation by gabapentin involving a PKA-depen-
dent mechanism.

Methods

Molecular biology

Site-directed mutagenesis was performed using a commercial
mutagenesis kit (Stratagene Co., La Jolla, CA, USA) and
confirmed by nucleotide sequencing as described previously
(Huang et al., 1998). mCAP RNAs for the wild-type and
mutant channels were transcribed in vitro using T7 RNA
polymerase (Ambion Co., Austin, TX, USA) (Huang et al.,
1998; Liou et al., 1999).

Oocytes preparation and injection

Female Xenopus laevis frogs were anaesthetized by immersion
in 0.1% 3-aminobenzoic acid ethyl ester and a few lobes of
the ovaries removed after a small abdominal incision, then
the incision was closed and the frogs were allowed to recover
from the anaesthesia. The oocytes were incubated for 90 min
at room temperature (23-25°C) with 2mgml~" of collage-
nase (Type I; Sigma Chemicals, St Louis, MO, USA) in OR;
solution (in myM; 82 NaCl, 2 KCI, 1 MgCl, and S HEPES; pH
7.4) to remove the follicular layer. After 10 washes with OR,
solution, the oocytes (Dumont stages V-VI) were injected
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with 30ng of mRNA, then incubated at 18°C in ND96
solution (in mM; 96 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,, 5
HEPES, containing 100mgl~' of penicillin-streptomycin
and 10mgml~! of geneticin; pH 7.6). Channel activity was
assessed 3-7 days post injection.

Giant patch-clamp recording

Giant patch-clamp recording was performed on the injected
oocytes as described previously (Huang et al., 1998; Liou
et al., 1999; Leung et al., 2000). The pipette (extracellular)
solution contained (in mMm) 100 KCl, 2 CaCl, and 5 HEPES
(pH 7.4), whereas the bath (cytoplasmic) solution contained
(in mM) 100 KCI, 5 HEPES, 5 EDTA, 4 NaF, 3 NazVO, and 10
NayP,0; (FVPP solution). Inward K* currents at a holding
potential of —60mV were recorded on a chart recorder
(23-25°C) using an Axopatch 200B amplifier (Axon Instru-
ments, Foster City, CA, USA) and the chart strips scanned
and analysed using a computer.

Drug treatment and administration

Each vial of anti-PIP, monoclonal antibody stock (PerSeptive
Biosystem, Framingham, MA, USA) was reconstituted in
0.5ml of distilled water and diluted 40:1 in FVPP solution
to a final concentration of 40nM (Huang et al., 1998).
Gabapentin (TOCRIS) and H89 (Sigma) were dissolved in
distilled water. KT5720 (Sigma) was dissolved in dimethyl
sulphoxide. In the experiments on the role of PKA in
regulating the effect of gabapentin on ROMKI1 channels,
the injected oocytes were preincubated for 5 min with 10 um
H89 (Liou et al., 1999) or 2um KT5720 (Kiehn et al., 1998)
in ND96 solution before inside-out patch-clamp recording.

Data analysis

To examine the concentration dependency of the effect of
gabapentin on ROMKI1 channel activity, the results were
fitted to the Hill function, that is, the absolute current
amplitude = (Epax x [C]")/(EC50+ [C]"), where [C] represents
the gabapentin concentration, ECs, the concentration of
gabapentin needed to increase channel activity by 50%,
n the Hill coefficient and E.,x the maximal gabapentin-
induced stimulation of ROMK1 channels. Statistical analysis
was performed using ANOVA followed by Tukey’s multiple-
comparison test when significance was reached in the
ANOVA. When only two groups were compared, Student’s
t-test was used. Differences were considered significant
at P<0.05.

Results

Activation of ROMK1 channels by gabapentin

Current-voltage (I-V) relationships (from —100 to + 100 mV)
and inward K" currents (holding at —60mV) through
ROMKI1 channels in Xenopus oocytes were measured by
giant patch-clamp recording, first in the ‘on-cell’ configura-
tion, then in the excised inside-out configuration, in
FVPP bath solution, which contained a mixture of the
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Figure 1 Gabapentin (GBP; 1-(aminomethyl) cyclohexaneacetic acid) activates renal outer medullary potassium (ROMK1) channels.

All experiments are in FVPP solution at intracellular pH (pH;) 7.4. (a) The pulse protocol and current-voltage (/-V) curves for ROMK1 channels.
ROMK?1 channels were expressed in Xenopus oocytes and K™ currents (/) recorded using the inside-out giant patch-clamp method. Voltage
pulses were applied from —100mV to +100mV in 25 mV increments. The holding potential was —60 mV. The ROMK1 channels showed a
weak inwardly rectifying pattern. (b) Application of 0.1, 0.3 or T mm gabapentin significantly activates the ROMK1 current. (c) Application of 3
or 5 mMm gabapentin significantly activates the ROMKT current. (d) Activation of ROMK1 channels by gabapentin (0.1-5 mMm) is concentration
dependent (n=15); * indicates P<0.05 by ANOVA compared with the control. (e) Current-voltage (/-V) relationship in an inside-out patch
before and after application of gabapentin (1 mm). (f) Concentration-dependent activation of ROMK1 channels by gabapentin. The activation
of ROMKT currents in the presence of different concentrations of gabapentin was fitted to the Hill equation, as described in the Methods.
Gabapentin enhances ROMK1 channel activity with an EC50=313 um.

phosphatase inhibitors, fluoride, vanadate and pyropho-
sphate (Figure 1a). This solution prevents rundown of the
ROMKI1 current, probably by inhibiting Mg?*-dependent
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protein phosphatase and lipid phosphatase and thus
slowing channel dephosphorylation and membrane PIP,
depletion (Hilgemann and Ball, 1996; Huang et al., 1998;



Liou et al, 1999). The I-V relationship showed the
characteristic weak inward rectification of ROMK1 channels
(Figure 1la). Gabapentin, over a wide concentration range
(0.1-5 mM), significantly potentiated ROMK1 channel acti-
vity (Figures 1b-d, n=15, P<0.05). The steady state I-V
relationship showed an increase in the conductance of
ROMK1 channels after application of 1mM gabapentin
(Figure 1le). As shown in Figure 1f, gabapentin increased
channel activity in a concentration-dependent manner and
the effect at a concentration of 1 mM was taken as the 100%
value. This concentration-dependent effect of gabapentin
was well fitted by a Hill function, yielding an ECsq value of
313 um.

Effect of the pH; on the activation of ROMK1 channels by
gabapentin

Renal outer medullary potassium channel activity is sensi-
tive to the pH; with an effective pK, value of ~6.9
(Fakler et al., 1996; McNicholas et al., 1998; Leung et al.,
2000). At a pH; of 9.4, 7.4 or 7.0, 1 mM gabapentin caused a
significant increase in wild-type ROMKI1 channel activity
(Figures 2a and b, n=6, P<0.05). There was no significant
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difference between the effects of 1 mM gabapentin at pH; 7.0,
7.4 or 9.4 (P>0.05; Figures 2a and b).

The amino acid responsible for the pH; sensitivity of
ROMK1 channels has been identified as Lys®® in the
N-terminal region. Substitution of Lys®*® with methionine
(K80OM) abolishes the sensitivity of ROMK1 channels to
intracellular protons (Fakler et al., 1996). However, 1 mMm
gabapentin had a similar significant activation effect on
K80M mutant channel activity at a pH; of 7.4 and 6.0 (n=4-5;
P<0.05; Figures 2c and d).

Effect of PIP, on the activation of ROMK1 channels by gabapentin
A characteristic feature of all Kir channels is their regulation
by phosphoinositides (mostly PIP,) (Hilgemann and Ball,
1996; Fan and Makielski, 1997; Huang et al., 1998). To
determine whether PIP, was involved in the activation of
ROMK1 currents by gabapentin, after stabilization of
currents in inside-out patches, anti-PIP, antibodies were
applied to the cytoplasmic face to study the effects
on ROMKI1 channels. As shown in Figures 3a and b, no
difference in the sensitivity of wild-type ROMK1 channels to
anti-PIP, antibodies was seen in the presence or absence of
1 mM gabapentin (n=4).
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Figure 2 Gabapentin (GBP; 1-(aminomethyl) cyclohexaneacetic acid) activates renal outer medullary potassium (ROMK1) activity in an
intracellular pH (pH)-independent manner. (a) Representative current trace from giant inside-out patches showing that 1 mm gabapentin
enhances wild-type ROMK1 channel activity at pH; 7.0 and pH; 9.4. (b) Activity of wild-type ROMK1 channels in the presence of 1 mm
gabapentin expressed as a percentage of the corresponding control levels at pH; 9.4, 7.4 or 7.0 (n=6 for each group). *Indicates P<0.05 by
Student’s t-test compared with the corresponding pH; control. (c) Gabapentin (1 mm) activates the KBOM mutant channel at pH; 7.4 and 6.0.
The experimental paradigm was the same as that in panel a. (d) Activation of KBOM channels by 1 mm gabapentin at pH; 7.4 and 6.0 (n=5
for each group). *Indicates P<0.05 by Student’s t-test compared with the corresponding pH; for control.

British Journal of Pharmacology (2008) 154 216-225



Gabapentin activates ROMK1 channels by PKA pathway

220 C-H Lee et al
a PIP, Ab b 70
' 0
. 2 60 T T
o~
o
& 50
«=WT/GBP =B
051 WT = I 4 2
[:]
£
—_— =]
20s =z
ol 0
wT WT/GBP
c d
R188Q Excised in FVPP R217A Excised in FVPP
GBP 1mm GBP 1mm
I (nA) 337 7.9 9.4 I (nA) 79
0.75 o 1 r—L‘
e -

L

1 min 1"min
0 0
e f
K218A ised i
Excised in FVPP 120 -
GBP 1mm
I (nA} 7.9
0.8 R * N
- 3 * k3
J-L S = 2
£
< 100 1
o
o
@
N
I
£
8 80 YV
7
Z 20y
1 min 0
\4 \3 \'4 \4
0 contso! WG 380IG217MGE 1 nIGP

Figure 3 Gabapentin (GBP; 1-(aminomethyl) cyclohexaneacetic acid)-induced activation of renal outer medullary potassium (ROMKT)
channels does not involve the phosphatidylinositol 4,5-bisphosphate (PIP;) pathway. (a) Membrane patches were excised and stabilized in
FVPP solution, then anti-PIP, antibodies (40 nM in FVPP) were used to inhibit ROMK1 channels. There was no difference in the sensitivity of
wild-type ROMK1 channels to anti-PIP, antibodies in the presence (WT/GBP) or absence (WT) of 1 mm gabapentin (n=6, P=0.1). The
currents for these experiment channels were normalized and superimposed. The time bar is 20s. (b) Half-time (7;,2) for maximal inhibition of
wild-type ROMKT1 channels by anti-PIP, antibody (40 mm) in the presence (WT/GBP) or absence of gabapentin (WT). (c—e) Gabapentin (1 mm)
activates three PIP,-binding site residue mutants (R188Q, R217A and K218A). (f) Percentage activation by gabapentin of the wild-type (WT/
GBP) and mutant ROMK1 channels (R188Q/GBP, R217A/GBP and K217A/GBP) (n=6 for each group). *Indicates P<0.05 by ANOVA

compared with the corresponding wild-type or mutant in the absence of gabapentin (control).

Previous studies have shown that the regulation of
ROMKI1 channels by PIP, involves direct binding of PIP,
to PIP,-binding sites (Arg'®®, Arg?'” and Lys*'®) in the
C-terminal region of the channel (Huang et al., 1998; Liou
et al., 1999; Zeng et al., 2002). The three PIP,-binding site-
mutated channels R188Q, R217A and K218A were generated
and tested for activation by 1 mM gabapentin. As shown in
Figures 3c—f, all three showed increased activity in the
presence of gabapentin (n=6, P<0.05), these effects being
similar to those on the wild-type ROMK1 channel.
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Effect of PKA on the activation of ROMK1 channels by gabapentin
Renal outer medullary potassium channels are regulated by
PKA (McNicholas et al., 1994) by direct phosphorylation of
the channels (Xu et al., 1996). After 5 min pre-incubation in
the on-cell configuration with the PKA inhibitors H89
(10 pMm) or KT5720 (2 uM), 1 mM gabapentin failed to increase
ROMKI1 channel activity (n=6; Figures 4a-c). A previous
report suggested that Ser** in the N-terminal region and
Ser’!® and Ser*'? in the C-terminal region are PKA-phos-
phorylated sites in ROMK1 channels (Xu et al.,, 1996).
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Figure 4 Gabapentin (GBP; 1-(aminomethyl) cyclohexaneacetic
acid) enhances renal outer medullary potassium (ROMKT1) channel
activity through a protein kinase A (PKA)-dependent pathway. After
5 min pre-incubation in the on-cell configuration with PKA inhibitor
(a) H89 (10 um) or (b) KT5720 (2 um), gabapentin failed to activate
channel activity. (c) Percentage activation by gabapentin of ROMK1
channels in the absence (GBP) and presence (H89/GBP and KT5720/
GBP) of a PKA inhibitor (n= 6 for each group). *Indicates P<0.05 by
ANOVA compared with the corresponding wild-type in the absence
of gabapentin (control).

Application of 1 mM gabapentin to oocytes expressing PKA
phosphorylation site mutant channels (S44A, S219A or
S313A) had no activation effect, in contrast to that in
oocytes expressing wild-type ROMK1 channels (n = 6; Figures
5a-d).

Protein kinase A mediates the activity of ion channels by
a variety of mechanisms (Levitan, 1994), for example, by
inducing a conformational change (Murbartian et al., 2005)
and/or addition of negative charges (Fu et al., 2001).
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Mutation of the PKA target sites Ser**, Ser?'® or Ser®!® to
aspartate mimics the negative charge carried by a phosphate
group bound to a serine. However, 1 mM gabapentin failed to
activate the S44D, S219D or S313D mutant ROMKI1 channel
(n=6; Figures 6a—c) or the S219R mutant, in which Ser®'? is
replaced by the positively charged arginine (n = 6; Figure 6d).
These results suggest that the effect of PKA in gabapentin
activation of ROMK1 channels is due to a conformational
change and not due to charge—charge interactions.

Discussion

The present study demonstrated that gabapentin increased
the activity of ROMK1 channels in a concentration-depen-
dent manner. ROMK1 channels are regulated by multiple
signalling pathways, including membrane PIP,, the pH; and
PKA. Gabapentin increased the activity of both the wild-type
and a pH;-gating residue mutant channel over a range of pH;
values, showing that the effect of gabapentin is independent
of intracellular protons. Gabapentin did not alter the affinity
of PIP, for ROMK1 channels and increased the activity of
both wild-type and PIP,-binding site-mutated channels,
showing that its effects were not mediated via the PIP,
pathway. Gabapentin failed to enhance ROMK1 channel
activity in the presence of a PKA inhibitor, showing that this
process is PKA dependent. This observation was further
supported by the finding that gabapentin had no effect on
PKA phosphorylation site-mutated channels. In addition,
gabapentin did not activate mutants that mimicked the
negative charge carried by a phosphate group bound to a
serine (S44D, S219D and S313D) or a mutated channel with
an additional positive charge (S219R). The effects of
gabapentin on ROMK1 channels may be due to a PKA-
mediated phosphorylation-induced conformational change,
rather than charge-charge interactions.

Modulation of the function of Kir channels may be
involved in the molecular mechanisms underlying thera-
peutic or adverse effects of drugs. Imipramine, amitriptyline
and maprotiline inhibit the activity of Kir 3 channels and
this might contribute to the increased susceptibility to
seizure caused by these antidepressants (Kobayashi et al.,
2004). Mepyramine inhibits Kir 2.3 and 3.4 channels and
this might be related to its side effects of tachycardia and
seizure (Liu et al., 2007). Ifenprodil inhibits GIRK channels
and this might partly explain its anxiolytic and anti-
arrhythmic effects (Kobayashi et al., 2006). ROMK1 channels
are widespread in the hippocampus and cortex (Kenna et al.,
1994). In cultured hippocampal neurons transfected with
ROMKI1 channels, the normal action potential firing seen in
non-transfected cells is abolished due to a more hyper-
polarized RMP and a higher value of the spike threshold
during excitation (Nadeau et al., 2000). Kir channels are the
main channel responsible for maintaining the RMP. Small
changes in Kir currents can evoke large membrane depolar-
izations or hyperpolarizations (Voets et al., 1996). Although
our results revealed that the maximal effect of gabapentin
was only a 10% increase in ROMKI1 currents, this may be
critical for the restoration of the RMP and the reduction in
neuronal excitability.
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Figure 5 Gabapentin (GBP; 1-(aminomethyl) cyclohexaneacetic acid) has no enhancing effect on protein kinase A (PKA) phosphorylation
site-mutated renal outer medullary potassium (ROMKT1) channels. (a—c) Individual results for the S44A, S219A and S313A mutants treated by
1 mMm gabapentin. (d) Percentage activation by gabapentin of the wild-type (WT/GBP), S44A (S44A/GBP), S219A (S219A/GBP) or S313A
($313A/GBP) channel (n=6 for each group). *Indicates P<0.05 by ANOVA compared with the corresponding wild-type or mutant in the

absence of gabapentin (control).

Protein kinase A modulates receptor trafficking and gating
underlying synaptic plasticity, participates in neurotrans-
mitter release and regulates both glutamate and GABA
receptor functions, which lead to the occurrence of recurrent
epileptiform discharges (Vazquez-Lopez et al., 2005). PKA
activity is increased in the neocortex and hippocampus of
rats genetically prone to audiogenic seizures (Yechikhov
et al., 2001). Injection of a subconvulsive dose of cAMP into
the amygdala in rats increases neuronal excitability and
results in the progressive development of seizures (Yokoyama
et al., 1989). Reduced PKA-mediated phosphorylation pro-
tects against picrotoxin-induced seizure (Vazquez-Lopez
et al., 2005). In addition, phosphorylation of channels by
PKA is important for the sensitivity of antiepileptic drugs.
Topiramate has been demonstrated to bind to the PKA
phosphorylation sites of alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA)/kainate receptors to
control channel conductance by an allosteric modulatory
effect (Angehagen et al., 2005). PKA potentiates the inhibi-
tory effect of gabapentin on voltage-activated Ca>* channels
(Kuzniecky et al., 2002). Pregabalin reduces the excitatory
properties of cultured neurons by modulating Ca®*-depen-
dent K* channels, and this effect is blocked by a PKA
inhibitor (McClelland et al., 2004). Our results show that
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ROMK1 channels are phosphorylated by PKA, resulting in
an induced conformational change, which may allow
gabapentin to enhance ROMK1 channel activity and prevent
seizure spreading.

Several antiepileptic drugs have been reported to modulate
the function of Kir and voltage-gated K* channels. Retiga-
bine stabilizes the open-pore conformation of voltage-gated
Kv7 channels by binding to the channel activation gate
(Wuttke et al., 2005), lamotrigine enhances the transient K™*
outward current in CA1 pyramidal cells and neocortical cells
(Zona et al., 2002) and inhibits the A-type K* current in
hippocampal neurons (Huang et al., 2004), and gabapentin
inhibits noradrenaline release through activation of Karp
channels (Freiman et al., 2001) and activates GABAg
receptors to induce Kir 3 currents, resulting in reducing
hippocampal epileptiform discharges (Bertrand et al.,
2003b). Pregabalin activates K,rp channels in hippocampal
neurons by increasing the open probability (Huang et al.,
2006), levetiracetam inhibits the generation of action
potentials by decreasing voltage-gated K* currents (Madeja
et al., 2003) and zonisamide enhances the activity of large-
conductance Ca®"-activated K* channels (Huang et al.,
2007). As ROMK1 channels have been reported to maintain
the RMP during cellular excitation (Nadeau et al., 2000),
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Figure 6 The effect of the protein kinase A (PKA)-mediated phosphorylation caused by gabapentin (1-(aminomethyl) cyclohexaneacetic acid)
is probably not due to charge-charge interactions in renal outer medullary potassium (ROMKT1) channels. All experiments were at intracellular
pH (pH) 7.4. (a—c) Lack of activation of S44D, S219D and S313D channels mutated at the PKA phosphorylation sites to aspartate to mimic the
negative charge carried by a phosphate group bound to a serine. (d) Replacement of Ser?'® by arginine (5219R), adding a positive charge,
prevents the effect of gabapentin on activation channel currents. (e) Application of 1 mm gabapentin significantly activates the wild-type
ROMKT1 current. (f) Percentage activation by gabapentin of wild-type ROMK1 channels (WT/GBP) and ROMK1 channel mutants (544D/GBP,
$219D/GBP, S313D/GBP and S219R/GBP) (n= 6 for each group). *Indicates P<0.05 by ANOVA compared with the corresponding wild-type

or mutant in the absence of gabapentin (control).

activation of ROMK1 channels to reduce neuronal excit-
ability may be an important mechanism for the antiepileptic
effect of gabapentin.

Expression of mRNA in oocytes is an indispensable tool for
examining the properties of channels and receptors. We
performed giant inside-out patch recordings to evaluate the
effect of gabapentin on the cytoplasmic N- and C-terminals
of ROMKI1 channels. The excised membrane patches allow
the cytoplasmic domains to come into direct contact with
the drug, in contrast to the whole large oocytes, which,
containing yolk particles, may act as an infinite sink. Our
results showed that the potency of gabapentin for ROMK1

channels was quite low (ECso 313puM), whereas the
therapeutic concentration of gabapentin is reported to be
well below 100 uMm (Lindberger et al., 2003). One possibility is
that the loss of certain intracellular factors in inside-out
patches might contribute to the rightward shift in potency.
Another is that the effective concentration of drugs may be
different when experiments are performed on different
species. Several reports have shown that the effective dose
of drugs is lower in mammalian cells than in the oocytes
system. The concentration of cocaine required to inhibit
GIRK1/4 channels is higher for channels expressed in
Xenopus oocytes (ICso 4mM) (Kobayashi et al., 2007) than
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in ferret cardiac myocytes (ICso 50 uM) (Xiong et al., 2000).
BRL-32872, a novel antiarrhythmic drug, has ICs, values of
20 and 240nM for blocking HERG channels expressed in
HEK293 cells or in Xenopus oocytes, respectively (Thomas
et al., 2001). Similar findings have been reported for
clozapine; its therapeutic concentration is approximately
1uM (Perry et al., 1991), but a greater than 150-fold higher
concentration (ICso 180 uM) is required to inhibit GIRK1/2
channels expressed in Xenopus oocytes (Kobayashi et al.,
2000). To study the effect of gabapentin on mammalian cells,
systems such as transient transfection of ROMK1 channels in
HEK?293 cells may be required.

In conclusion, ROMK1 channels are the main channels
responsible for maintaining the RMP during cellular excita-
tion. Gabapentin increases the activity of ROMK1 channels
by a PKA-dependent mechanism to reduce neuronal excit-
ability, and this may be an important mechanism in the
antiepileptic effect of gabapentin.
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