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Key points
� Some ion channels are known to behave as inductors and make up the parallel resonant circuit
in the plasma membrane of neurons, which enables neurons to respond to current inputs with a
specific frequency (so-called ‘resonant properties’).

� Here, we report that heterologous expression of mouse Kv11 voltage-dependent K+ channels
generate resonance and oscillation at depolarized membrane potentials in HEK293 cells;
expressions of individual Kv11 subtypes generate resonance and oscillation with different
frequency properties.

� Kv11.3-expressing HEK293 cells exhibited transient conductance changes that opposed the
current changes induced by voltage steps; this probably enables Kv11 channels to behave like an
inductor.

� The resonance and oscillation of inferior olivary neurons were impaired at the resting membrane
potential in Kv11.3 knockout mice.

� This study helps to elucidate basic ion channel properties that are crucial for the frequency
responses of neurons.

Abstract The plasma membranes of some neurons preferentially respond to current inputs with
a specific frequency, and output as large voltage changes. This property is called resonance,
and is thought to be mediated by ion channels that show inductor-like behaviour. However,
details of the candidate ion channels remain unclear. In this study, we mainly focused on the
functional roles of Kv11 potassium (K+) channels, encoded by ether-á-go-go-related genes, in
resonance in mouse inferior olivary (IO) neurons. We transfected HEK293 cells with long or short
splice variants of Kv11.1 (Merg1a and Merg1b) or Kv11.3, and examined membrane properties
using whole-cell recording. Transfection with Kv11 channels reproduced resonance at membrane
potentials depolarized from the resting state. Frequency ranges of Kv11.3-, Kv11.1(Merg1b)- and
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Kv11.1(Merg1a)-expressing cells were 2–6 Hz, 2–4 Hz, and 0.6–0.8 Hz, respectively. Responses
of Kv11.3 currents to step voltage changes were essentially similar to those of inductor currents
in the resistor–inductor–capacitor circuit. Furthermore, Kv11 transfections generated membrane
potential oscillations. We also confirmed the contribution of HCN1 channels as a major mediator of
resonance at more hyperpolarized potentials by transfection into HEK293 cells. The Kv11 current
kinetics and properties of Kv11-dependent resonance suggested that Kv11.3 mediated resonance in
IO neurons. This finding was confirmed by the impairment of resonance and oscillation at –30 to
–60 mV in Kcnh7 (Kv11.3) knockout mice. These results suggest that Kv11 channels have important
roles in inducing frequency-dependent responses in a subtype-dependent manner from resting to
depolarized membrane potentials.
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Introduction

In some neurons, current inputs with a specific frequency
are selectively output as large voltage responses (Puil
et al. 1986; Llinas, 1988; Hutcheon & Yarom, 2000).
This property is called ‘resonance’ and is thought to
be caused by frequency-dependent impedance changes
of the neuronal membrane. The neuronal membrane
is electrically equivalent to a parallel resistor–capacitor
(RC) circuit. Additionally, some neuronal membranes
have ion channels that show inductor-like behaviours,
and comprise circuits comparable to the parallel
resistor–inductor–capacitor (RLC) circuit (Puil et al.
1986; Hutcheon & Yarom, 2000; Erchova et al. 2004;
Narayanan & Johnston, 2008). In this circuit, impedance
at higher input current frequency range is attenuated
by membrane capacitors. Meanwhile, impedance at
lower frequency range is thought to be attenuated by
ion channels that behave like an inductor (resonating
conductance) (Hutcheon & Yarom, 2000). Electrical
resonance-like responses that occur in the circuit enhance
impedance around a specific frequency, resulting in
enhanced voltage output at a specific input current
frequency. In neurons, the resonance is known to be
further enhanced by activation of other ion channels
(amplifying conductance) (Hutcheon & Yarom, 2000).
Several ion channels have been suggested as candidates
(Hutcheon & Yarom, 2000; Wang, 2010; Hashimoto,
2020), but detailed molecular biological information
about these ion channels, such as subtypes, remains
largely unclear in many systems.
Neurons in the inferior olive (IO) project climbing

fibres to the cerebellar cortex and form strong excitatory
synapses on Purkinje cells (Ito, 2012). IO neurons exhibit
clear resonance and subthreshold membrane potential
oscillation (STO) (Benardo & Foster, 1986; Bleasel &
Pettigrew, 1992; Lampl & Yarom, 1997; Khosrovani et al.

2007). We have previously reported that this resonance
is dependent on the hyperpolarization-activated
cyclic nucleotide-gated channel 1 (HCN1) and the
Cav3.1 T-type voltage-dependent Ca2+ channel
(Matsumoto-Makidono et al. 2016). In that report,
we also found that E-4031-sensitive ion channels were
also involved in resonance. E-4031 is known to be
a blocker for Kv11 voltage-dependent K+ channels
(ether-à-go-go-related gene (ERG)), but details of the
candidate ion channel remain largely unclear.
Kv11 channels are part of the KCNH family, and

are encoded by three genes: KCNH2 (ERG1, Kv11.1),
KCNH6 (ERG2, Kv11.2) and KCNH7 (ERG3, Kv11.3)
(Perry & Sanguinetti, 2010; Gustina & Trudeau, 2012;
Morais-Cabral & Robertson, 2015; Bauer & Schwarz,
2018). The KCNH family shares structural similarities
with HCN and cyclic nucleotide-gated (CNG) channels,
which are part of the cyclic nucleotide binding domains
(CNBD) family of cation channels (James & Zagotta,
2018). Kv11 shows fast inactivation and recovery
from inactivation, compared with its activation and
deactivation (Perry & Sanguinetti, 2010; Gustina &
Trudeau, 2012; Bauer & Schwarz, 2018), which makes
Kv11 evoke greater conductance by hyperpolarization
from depolarized potentials. It has been reported that
Kv11 regulates the resting membrane potential and
action potential firing in neuronal and non-neuronal cells
(Akbarali et al. 1999; Schafer et al. 1999; Overholt et al.
2000; Rosati et al. 2000; Sacco et al. 2003; Niculescu et al.
2013). Pathophysiological analyses have demonstrated
that mutations in KCNH2 are linked to type II long QT
syndrome (Sanguinetti et al. 1995). Furthermore, KCNH7
has been identified as one of the causative genes for
bipolar spectrum disorders (Kuo et al. 2014; Strauss et al.
2014). However, the roles of Kv11 in membrane potential
resonance and oscillation are still unknown.
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In this study, we examined the functional roles of Kv11
in resonance and membrane potential oscillation. We
transfected mouse Kv11.1 or Kv11.3, which are expressed
in the IO, into human embryonic kidney 293 (HEK293)
cells, and examined their functional roles in resonance.
We also confirmed the effects of transfection of HCN1,
whichmediates resonance in awide range of brain regions,
on resonance at hyperpolarized potentials. Finally, the
distribution and functional roles of Kv11.3 on resonance
were examined in IO neurons, mainly using Kcnh7
knockout (KO) mice.

Methods

Ethical approval

All animal experiments were performed in accordance
with the guidelines of the experimental animal ethics
committees (No. A20-51) and the biosafety committee for
living modified organisms (No. 2020-67) of Hiroshima
University, Hokkaido University and Niigata University.
C57BL/6J mice were obtained from CREA Japan (Tokyo,
Japan). In this study, we generated Kcnh7 KO mice (see
Fig. 9). We maintained all mice in specific-pathogen-free
conditions on a 12 h light/dark cycle (lights off at 20.00 h)
with free access to food and water. Mice were randomly
picked from littermates. For electrophysiology, coronal
brain slices were prepared from C57BL/6J and Kcnh7 KO
littermates. Mice were placed in the chamber and then the
CO2 level was increased. After losing consciousness, mice
were decapitated. For fluorescent in situ hybridization,
C57BL/6J mice were deeply anaesthetized by pento-
barbital (100 μg g−1 of body weight, i.p.) and decapitated.
For immunofluorescence, C57BL/6J and Kcnh7 KO
littermates were deeply anaesthetized by pentobarbital
(100 μg g−1 of body weight, i.p.) and transcardially
fixed with 4% paraformaldehyde in 0.1 m PB (pH
7.2). For viral vector injection, C57BL/6J mouse pups
were anaesthetized by inhalation of vaporized iso-
flurane (4% induction, 2% maintenance). The mice were
finally processed for immunofluorescence. To transfer the
blastocysts into the uteri, pseudopregnant surrogate CD-1
mice were anaesthetized by inhalation of vaporized iso-
flurane (2−3%). Five of six wild-type mice and three
of four Kcnh7 KO mice were analysed by researchers
blinded to their genotypes for the data shown in
Fig. 10A–C. Furthermore, all mice were analysed by
researchers blinded to their genotypes for the data shown
in Fig. 10D–H. All mice were analysed in unblinded
conditions for the data in Fig. 10I and J. One of three
Kcnh7 KO mice and one wild-type mice were analysed
in blinded conditions in Fig. 10K and L. Male or female
C57BL/6J mice and Kcnh7 KO mice at postnatal day
(P)14–P29 were used for all experiments. There was no

difference between sexes in the subthreshold membrane
properties of IO neurons. The investigators understand
the ethical principles under which The Journal of Physio-
logy operates and certify that our work complies with the
animal ethics checklist.

Generation of Kcnh7 KO mice

C57BL/6 BAC genomic clones, RP23-35P3 and 415D17,
containing the Kv11.3 gene (Kcnh7) were isolated from an
RP23mouse genomic BAC library (AdvancedGenoTechs,
Tsukuba, Japan). To construct the Kcnh7 targeting vector,
a 0.8 kb DNA fragment carrying exon 6 of Kcnh7 was
amplified by polymerase chain reaction (PCR) and
inserted into a middle entry clone (pDME-1). In this
clone, a DNA fragment of pgk promoter-driven neomycin
resistant gene-p(A) (pgk-Neo) flanked by two frt sites and
loxP sequences was located at the site 360 bp upstream
of exon 6, while the other loxP sequence was placed
at the site 232 bp downstream of exon 6. The 3.4 kb
upstream and 6.7 kb downstream homologous genomic
DNA fragments were retrieved from the BAC clone
using the Quick and Easy BAC Modification Kit (Gene
Bridges, Dresden, Germany), and then subcloned to a 5′
entry clone (pD5UE-2) and a 3′ entry clone (pD3DE-2),
respectively. For targeting vector assembly, the three
entry clones were recombined to a destination vector
plasmid (pDEST-DT; containing a diphtheria toxin
gene for negative selection) using a MultiSite Gateway
Three-Fragment Vector Construction Kit (Invitrogen,
Waltham, MA, USA). To establish the Kcnh7-flox mouse
line, we electroporated the linearized targeting vector
into the C57BL/6N-derived ES line, RENKA, and then
selected recombinant clones under medium containing
175 μg ml−1 G418. Culture of ES cells was performed as
described previously (Mishina & Sakimura, 2007). The
targeted clones were confirmed by Southern blot analysis
using the 5′, 3′ and Neo probes. Generation of chimeric
mice was performed as described previously (Mishina
& Sakimura, 2007). Briefly, targeted clones were micro-
injected into eight-cell-stage embryos of a CD-1 mouse
strain. Resulting chimeric embryos were developed to the
blastocyst stage by incubation formore than 24 h and then
the blastocysts were transferred into the uteri of pseudo-
pregnant surrogate CD-1 mice that were anaesthetized
by inhalation of vaporized isoflurane (2−3%) using
NARCOBIT-E(II) (KN-1071, Natsume Seisakusho,
Japan). Germline chimeras were crossed with C57BL/6N
female mice to establish the Kcnh7-flox mouse line. To
generateKcnh7KOmice by Cre-mediated recombination,
heterozygous Kcnh7-flox mice were crossed with
Actb-iCre mice (Zhou et al. 2018), which ubiquitously
express Cre recombinase. Genotyping of KO mice was
performed by genomic PCR with the following specific
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primers: (forward), 5′-TGTAGAGACTCCGTGGATC-3′;
(reverse), 5′-GAAATCTCAACTAAACTTC-3′.

HEK293 cells

HEK293 cells were purchased from JCRB Cell Bank
(JCRB Cell Bank Cat No. JCRB9068, RRID: CVCL_0045,
Osaka, Japan), who stated authentication. The cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Nacalai Tesque, Kyoto, Japan) supplemented
with 10% fetal bovine serum, 100Uml−1 of penicillin, and
100μgml−1 of streptomycin, under humidified air at 37°C
in 5% CO2. Cells were grown in glass-bottomed dishes
(μ-Dish 35 mm low; ibidi, NIPPON Generics, Tokyo,
Japan).

Slice preparation

Coronal brain slices (250 μm) including the IO were
prepared from C57BL6/J and Kcnh7 KO littermates at
P14−20. Mice were placed in the chamber and then the
CO2 level was increased. After losing consciousness, mice
were decapitated. A block of the brain containing the
medulla oblongata was removed and put into ice-cold
cutting solution composed of (in mm) 210 sucrose, 10
glucose, 26 NaHCO3, 5 KCl, 1.2 KH2PO4, 1.3 MgSO4,
and 2.4 CaCl2, bubbled with mixed gases (95% O2
and 5% CO2). The block of medulla was embedded in
1.5% agarose, and coronal slices were prepared using
a vibrating blade microtome (VT-1200S, Leica, Wetzlar,
Germany). Slices were incubated for more than 1 h at
room temperature in normal external solution composed
of (in mm): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgSO4, 1.25
NaH2PO4, 26NaHCO3, and 20 glucose, bubbledwith 95%
O2 and 5% CO2.

Expression vectors

Wild-type mouse Kcnh2 (NM_013569.2 (Erg1a),
NM_001294162.1 (Erg1b)), Kcnh7 (NM_133207.2),
Hcn1 (NM_010408.3) and Pex5l (XM_006535506.3)
expression vectors were purchased from VectorBuilder
(Santa Clara, CA, USA). The CMV promoter was used,
and the channel coding sequence was followed by IRES
andEGFP (pCMV-Kcnh7 andpCMV-Kcnh2) ormCherry
(pCMV-Hcn1 and pCMV-Pex5l).

Heterologous expression in HEK293 cells

HEK293 cells were grown in glass-bottomed dishes for
24 h following transfection with expression vectors using
Lipofectamine LTX (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.

After 24−72 h, the glass-bottomed dishes were placed on
the microscope stage and used for whole-cell recording.

Electrophysiology

Whole-cell recordings were made from neurons in the
principal or dorsal accessory olive (see Figs 1A–D and
10) or HEK293 cells (see Figs 1D–J, 2-7) using an upright
microscope (BX51WI; Olympus, Tokyo, Japan) equipped
with an IR-CCD camera system (IR-1000, DAGE-MTI,
Michigan City, IN, USA). For recording from IO neurons,
the temperature was kept at 32°C using an inline heater
(TC-324B,Warner, Holliston,MA, USA). Recording from
HEK293 cells was performed at room temperature except
in Fig. 1D.
For voltage-dependent K+ current recordings (see

Figs 1, 4N, 10A–C), the low K+ intracellular solution was
composed of (in mm) 55 potassium methanesulfonate, 5
KCl, 73 N-methyl-d-glucamine, 5 NaCl, 0.5 EGTA, 30
HEPES, 4 MgCl2, 4 ATP disodium salt (2Na-ATP) and
0.4 GTP disodium salt (2Na-GTP; pH 7.4, adjusted with
KOH). Voltage-dependent K+ currents of HEK293 cells
were recorded in the high K+ and Ca2+-free external
solution that was composed of (in mm) 117.5 NaCl,
10 KCl, 3 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, and
20 glucose, bubbled with 95% O2 and 5% CO2. For
recording of Kv11 currents from IO neurons, 0.5 μm
tetrodotoxin (TTX), 10 μm NBQX, 5 μm (R)-CPP,
and 10 μm bicuculline were also supplemented. These
high K+ extracellular and low K+ intracellular solutions
enable K+ currents to be recorded as large, distinct
inward currents (Sturm et al. 2005). The theoretically
calculated equilibrium potential of K+ was −46.0 mV
at room temperature and −47.1 mV at 32°C. The
pipette access resistance was approximately 3−4 M�.
Relative conductance plots were fitted using the following
Boltzmann equation:

G
Gmax

= 1
1 + exp ((Vhalf −Vm) /k)

.

The intracellular solution used for recording resonance
and oscillation (see Figs 2, 3, 4A–M, O, P; 5−7,
10D–L) was composed of (in mm) 115 potassium
methanesulfonate, 5 KCl, 5 NaCl, 0.5 EGTA, 30 HEPES,
4 MgCl2, 4 2Na-ATP and 0.4 2Na-GTP (pH 7.3,
adjusted with KOH). For experiments using HEK293
cells, resonance and oscillation were recorded in normal
external solution with 0.5 μm TTX. For recording
from IO neurons, Ca2+-free external solution was used
to suppress Cav3.1-dependent amplifying conductance
(Matsumoto-Makidono et al. 2016) (see Fig. 10D–J). The
composition was (in mm): 125 NaCl, 2.5 KCl, 3 MgSO4,
1.25 NaH2PO4, 26 NaHCO3, 20 glucose, 0.0005 TTX, 0.01
NBQX, 0.005 (R)-CPP and 0.01 bicuculline, bubbled with
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95% O2 and 5% CO2. The pipette access resistance was
approximately 3−4 M�.

Ionic currents were recorded with an EPC-10 (HEKA
Elektronik, Lambrecht/Pfalz, Germany). The signals were
filtered at 3 kHz and digitized at 20 kHz in experiments
for measuring Kv11 currents, or at 1 kHz in experiments
for resonance. On-line data acquisition and off-line data
analysis were performed using PATCHMASTER software
(v2×90.2, HEKA). The liquid junction potentials were not
corrected.

If the electrode potential polarization was over ±5 mV
from the initial value at the end of the recording, the
recording was omitted from the analysis. Furthermore,
recordings with high series resistances (over 10 M�)
were also omitted. For the impedance amplitude profile
(ZAP) protocol, recordings with large fluctuations or
positive or negative voltage shifts of the baseline potential
were omitted. In the analysis of IO neurons, traces
with Cav3.1-dependent amplifying conductance were also
omitted.

Impedance measurement

Impedance was measured using the ZAP protocol in the
non-oscillating condition as described previously (Puil
et al. 1986; Hutcheon & Yarom, 2000). Sinusoidal currents
whose amplitudes were constant (50 pA) but frequencies
were linearly changed in a range from 0−40 Hz in 40 s
(a chirp current) were applied from a recording electrode
under the current-clampmode. Impedancewas calculated
by dividing the fast Fourier transform (FFT) of the voltage
response by the FFT of the chirp current.

Ż
(
f
) = FFT of voltage response

FFT of chirp current
,

where Ż( f ) and f denote the complex impedance
and frequency of the input current, respectively. The
magnitude of impedance was calculated as follows:

∣∣Ż (
f
)∣∣ =

√(
Ż
(
f
)
Re

)2 + (
Ż
(
f
)
Im

)2
,

Where Ż( f )Re and Ż( f )Im are the real and imaginary
components of impedance, respectively. For calculating
the impedance of HEK293 cells, another chirp current
with a phase shift of 180° was also applied, and the
magnitude of impedance was calculated by averaging
two impedances recorded by phases of 0° and 180°.
For analysis of IO neurons, only data of phases of
0° were used (Matsumoto-Makidono et al. 2016). The
frequency (higher than 0.5 Hz) at which impedance
reached the maximum value was termed the resonant
frequency. The resonant strength was calculated as the
ratio of the maximum impedance amplitude at the
resonant frequency relative to the impedance amplitude

at 0.5 Hz in HEK293 cells. These calculations were
performed with Excel (Microsoft, WA, USA), Origin
2018 (OriginLab, Northampton, MA, USA), and Igor Pro
6.3.7 (WaveMetrics, Portland,OR,USA).When resonance
does not occur or is blocked, impedance monotonically
declines with input frequency. In such cases, the resonant
frequency is equal or near to 0.5 Hz and the resonant
strength is equal or near to 1. The resonant strength for
IO neurons was calculated in a similar way, but relative to
impedance at 1 Hz (Matsumoto-Makidono et al. 2016).

Fluorescent in situ hybridization

We employed non-isotopic in situ hybridization with
fluorescein- and digoxigenin (DIG)-labelled cRNA
probes for Kv11.3 (nucleotides 2840−3580 bp according
to the Allen Brain Atlas; GenBank accession number,
NM_133207.2) and VGluT2 (934−2060 bp; BC038375.1)
mRNAs. cRNA probes were synthesized by in vitro
transcription using the Bluescript II plasmid vector
encoding the above cDNAs, as described previously
(Yamasaki et al. 2010). Under deep pentobarbital
anaesthesia (100 μg g−1 body weight, i.p.), C57BL/6J
mice were decapitated. Brains were freshly obtained
and immediately frozen in powdered dry ice. Frozen
sections (20 μm) were cut on a cryostat (CM1900;
Leica Microsystems, Wetzlar, Germany) and mounted
on silane-coated glass slides. Digoxigenin (DIG)- or
fluorescein-labelled cRNA probes were prepared for
simultaneous detection of multiple mRNAs by fluorescent
in situ hybridization (Yamasaki et al. 2010). In brief, fresh
frozen sections were hybridized with a mixture of DIG-
or fluorescein-labelled cRNA probes diluted to 1:500 with
the hybridization buffer. After stringent posthybridization
washing, DIG and fluorescein were detected using the
two-step method as follows: the first detection with
peroxidase-conjugated anti-fluorescein antibody (1:1000,
1.5 h, Roche Diagnostics, Risch-Rotkreuz, Switzerland)
and the FITC-TSA plus amplification kit (PerkinElmer,
Waltham, MA, USA), and the second detection with
peroxidase-conjugated anti-DIG antibody (1:1000, 1.5 h,
Roche Diagnostics) and the Cy3-TSA plus amplification
kit (PerkinElmer). Residual activities of the peroxidase
introduced in the first detection were inactivated by
incubating the sections with 1.0% H2O2 for 30 min. After
extensive washing and blocking with 10% donkey serum,
sections were incubated with 1 μg ml−1 of anti-NeuN
antibody (MAB377, Merck, Darmstadt, Germany) for 1 h,
and Alexa 647-conjugated anti-mouse IgG (Invitrogen)
for 2 h. Images were taken with a laser scanning micro-
scope (FV1200, Olympus, Tokyo, Japan) equipped with
473, 559 and 635 nm diode laser lines and UPlanSApo
(20×/0.75) and PlanApoN (60×/1.40 oil immersion)
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objective lenses (Olympus). All images represent single
optical sections.

Antibodies

We used the following primary antibodies: rabbit
anti-Kv11.3, guinea-pig anti-HCN1 (Frontier Institute,
Cat. No. HCN1-GP-Af540, RRID: AB_2650995,
Hokkaido, Japan), goat anti-microtubule-associated
protein 2 (MAP2; Cat. No. MAP2-Go-Af860, RRID:
AB_2571793), and goat anti-green fluorescent protein
(GFP; Cat. No. GFP-Go-Af1480, RRID: AB_2571574)
(Matsumoto-Makidono et al. 2016). Of these, we
produced the affinity-purified Kv11.3 antibody in the
present study, which was raised against amino acid
residues 1171−1195 of mouse Kv11.3 (NP_573470.2).
The specificity of the Kv11.3 antibody was confirmed
by blank immunohistochemical labelling in Kcnh7 KO
brains at light microscopic levels (Fig. 9D and E).

Viral vector preparation and injection

For retrograde labelling of IO neurons, lentivirus
expressing GFP was prepared as described previously
(Matsumoto-Makidono et al. 2016). P15 C57BL/6J mouse
pups were anaesthetized by inhalation of vaporized iso-
flurane (4% induction, 2% maintenance). The lentivirus
solution (0.3 μl/site) was injected by air pressure into the
vermis of cerebellar lobules 6−7. After 14 days of survival,
mice were processed for immunohistochemistry.

Immunofluorescence

Under deep pentobarbital anaesthesia (100 μg g−1 body
weight, i.p.), P26−29 C57BL/6J and Kcnh7 KO littermates
were transcardially fixed with 4% paraformaldehyde
in 0.1 m PB (pH 7.2). After 4 h post-fixation in the
same fixative, coronal sections (50 μm) were made
with a microslicer (VT1000S, Leica Microsystems).
The following incubations were performed at room
temperature (25°C). Sections were incubated with 10%
normal donkey serum for 20 min, a mixture of primary
antibodies (1 μg ml−1 each) overnight, and a mixture
of Alexa Fluor 488-, Alexa Fluor 647- (Invitrogen), and
Cy3- (Jackson Immunoresearch, West Grove, PA, USA)
conjugated species-specific secondary antibodies for
2 h at a dilution of 1:200. Images were taken with a
laser scanning microscope (FV1200, Olympus) using
a PlanApoN (60×/1.40 oil immersion) objective lens
(Olympus). To avoid cross-talk between multiple fluoro-
phores, fluorescent signals were acquired sequentially
using individual excitation laser lines with a 3× digital
zoom and an appropriate pinhole (120 μm). Images were
digitized at 12-bit resolution into an array of 800 × 800

pixels (pixel size, 0.1 μm). Single optical section imaging
was used for triple immunostaining of MAP2, HCN1 and
Kv11.3. For immunofluorescence in virally GFP-labelled
single neurons, a maximum-intensity z-projection image
was produced from four optical sections taken at intervals
of 0.75 μm.

Drugs

E-4031 (Cat. No. 1808, CAS 113559-13-0), ZD7288 (Cat.
No. 1000, CAS 133059-99-1), NBQX (Cat. No. 0373,
CAS 118876-58-7), and (R)-CPP (Cat. No. 0247, CAS
126453-07-4) were purchased from Tocris Bioscience
(Bristol, UK). TTX (Cat. No. 32775-51, CAS 4368-28-9)
was obtained from Nacalai Tesque.

Statistics

Throughout the text, data are represented as the
means ± SD. Data in the figures are also represented
as the means ± SD, except for the shaded areas in
the impedance–frequency plot (Z-F plot), which are
represented as the means ± 95% confidence interval. ‘n’
represents the number of HEK293 cells or IO neurons.
Statistical significance was assessed using Student’s t test
or the Mann–Whitney U test, depending on whether the
data sets passed the normality test and the equal variance
test. Statistical comparisons among three or more groups
were conducted using a one-way or two-way ANOVA.
When differences were judged to be significant, data were
processed using the Holm–Šidák test as a post hoc test. All
tests were two-sided. Data analysis was performed using
Excel (Microsoft), Origin 2018 (OriginLab), and Igor Pro
6.3.7 (WaveMetrics). Statistical analyses were conducted
using SigmaPlot 12.1 (Systat Software, San Jose, CA,
USA) and P-values smaller than 0.001 were described as
P < 0.001; otherwise, actual values were described in the
text. Current responses in the RLC circuit was simulated
by LTspice XVII (Analog Devices, Norwood, MA, USA).
The k-means clustering was performed using Spider 3.3.6
in Anaconda 3 (Austin, TX, USA). Differences between
two samples were considered statistically significant if the
P value was less than 0.05.

Results

IO neurons exhibit Kv11 conductance that is mainly
mediated by Kv11.3

We previously reported that the resonance of IO
neurons around −60 mV was suppressed by E-4031
(Matsumoto-Makidono et al. 2016). However, the
existence of Kv11 conductance has not been examined
in IO neurons. To test this point, whole-cell patch clamp
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was conducted with IO neurons in acute slices. Voltage
steps of 10 mV were applied from −80 to −10 mV,
followed by a negative step to −100 mV (Fig. 1A). The
Kv11 current was calculated by subtracting the current
trace recorded in the presence of E-4031 (10 μm) from
that recorded in the control solution (Fig. 1A–C). Tail
currents sensitive to E-4031 were elicited by negative
voltage steps to −100 mV (Fig. 1C and D). The relative
conductance of the tail currents was plotted against the
depolarizing voltage pulses and fitted with a Boltzmann
equation. Activation started from around −60 mV, and
the averaged half-conductance potential (Vhalf) and
slope factor (k) (Table 2) were similar to those of Kv11
conductance in Purkinje cells (−44.3 to−50.7mV and 4.9
to 5.6 mV) (Sacco et al. 2003; Niculescu et al. 2013). These
results suggest that IO neurons exhibit Kv11 conductance.

To estimate subtypes of the Kv11 current in IO neurons,
we transfected Kv11 channels into HEK293 cells. In the
present study, we transfected Kv11.1 or Kv11.3 because

of their high expression in the IO nucleus (Shi et al.
1997; Saganich et al. 2001; Perry & Sanguinetti, 2010).
For Kv11.1, we analysed two major long and short splice
variants with distinct physiological properties: Merg1a
and Merg1b (London et al. 1997; Hirdes et al. 2005;
Niculescu et al. 2013). Whole-cell recording was obtained
from GFP-positive cells or control non-transfected cells
without GFP expression, in the same dish, 1−3 days after
transfection. The voltage protocol for the Kv11 current
did not evoke detectable currents in control HEK293 cells
(Fig. 1E), but evoked clear voltage-dependent currents in
cells expressing Kv11 channels (Fig. 1F–J). TheVhalf of the
Kv11.3 tail currentswas themost hyperpolarized, followed
in order by those of Kv11.1(Merg1a) and Kv11.1(Merg1b)
(Fig. 1I and J and Table 1). To compare deactivation
processes, the time courses of deactivations were fitted
with a single exponential. The decay time constants
of deactivation at about 90% activation of Kv11.3 or
Kv11.1(Merg1b) were significantly faster than that of

Figure 1. IO neurons exhibit Kv11 conductance
A, top panel shows waveform of input voltage steps to evoke Kv11 current. Bottom panel shows representative
current traces recorded from an IO neuron in control high K+ external solution. B, representative current traces in
the presence of E-4031 (10 μM). C, current traces calculated by subtracting traces in the presence of E-4031 (B)
from those in the control solution (A, bottom). D, relative conductance-voltage plot of tail currents of IO neurons
(n = 6, animals = 5, black) and the Kv11.3 current recorded at 32°C (n = 5, green). Lines are a theoretical fit
using the Boltzmann equation. Inset: elongated traces at a point indicated by a bar in C. Scale bars, 0.1 nA, 50 ms.
Data are represented as the meas ± SD. E, upper panel shows input voltage steps to evoke Kv11 currents in
HEK293 cells. Lower traces are representative current traces recorded from a control HEK293 cell in response to
the voltage steps. F–H, representative current traces recorded from a HEK293 cell transfected with Kv11.1(Merg1a)
(F), Kv11.1(Merg1b) (G), or Kv11.3 (H). I, the I-V plot of Kv11 tail currents in response to hyperpolarizing voltage
steps to −80 mV in Kv11.1(Merg1a) (n= 6), Kv11.1(Merg1b) (n= 7), or Kv11.3 (n= 9) transfected cells. J, relative
conductance-voltage plots. Individual data points are calculated from the data in I. Blue, purple and green lines are
theoretical fits using the Boltzmann equation for Kv11.1(Merg1a), Kv11.1(Merg1b), or Kv11.3, respectively. Data
are represented as the means ± SD.

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



554 T. Matsuoka and others J Physiol 599.2

Table 1. Half-conductance potential (Vhalf), slope factor (k), and decay time constant of Kv11 tail currents in HEK293 cells

Vhalf k
Decay time

constant n
(ms)(mV)(mV)

Kv11.1(Merg1a) −33.6 ± 5.5 8.0 ± 1.6 5036 ± 5439 6

Kv11.1(Merg1b) −21.5 ± 3.0 10.9 ± 5.1 51.0 ± 10.7 7

Kv11.3 −41.0 ± 5.3 7.6 ± 4.9 98.1 ± 55.6 9

***

**

***

** *

Data are represented as the means ± SD. ∗∗∗P < 0.001, ∗∗P < 0.01 (P < 0.001, Kv11.1(Merg1a) vs. Kv11.1(Merg1b); P = 0.008,
Kv11.1(Merg1a) vs. Kv11.3; P < 0.001, Kv11.1(Merg1b) vs. Kv11.3; one-way ANOVA; post hoc, Holm–Šidák test). The slope factors
were not statistically significant (one-way ANOVA, P = 0.323). Decay time constants at about 90% activations of Kv11.1(Merg1b),
Kv11.1(Merg1a), and Kv11.3 weremeasured from traces recorded at holding potentials of 0,−20, and −30mV, respectively. ∗∗P< 0.01,
∗P < 0.05 (P = 0.009, Kv11.1(Merg1a) vs. Kv11.1(Merg1b); P = 0.01, Kv11.1(Merg1a) vs. Kv11.3; P = 0.974, Kv11.1(Merg1b) vs. Kv11.3,
one-way ANOVA; post hoc, Holm–Šidák test).

Table 2. Half-conductance potential (Vhalf), slope factor (k) and decay time constant of Kv11 tail currents in HEK293 cells and of
E-4031-sensitive tail currents in IO neurons at 32°C

Vhalf k Decay time constant n n
(mV) (mV) (ms, at −30 mV) (cells) (mice)

Kv11.3 current in HEK293 cells −45.8 ± 4.5 5.5 ± 0.7 52.0 ± 28.1 5
E-4031-sensitive current in IO neurons −50.8 ± 6.9 6.0 ± 1.7 78.2 ± 46.9 6 5

Data were recorded at 32°C and are represented as themeans± SD. There were no significant differences (Vhalf, P= 0.196; k, P= 0.547;
decay time constant, P = 0.304, t test).

Kv11.1(Merg1a) (Table 1, Fig. 1F–H). These properties
were similar to those previously reported for Merg1a,
Merg1b, and Kv11.3 (London et al. 1997; Shi et al. 1997;
Schledermann et al. 2001; Wimmers et al. 2002; Hirdes
et al. 2005; Sturm et al. 2005; Niculescu et al. 2013).
The deactivation kinetics of Kv11.1(Merg1a) tail

currents were significantly slower (Fig. 1F) than those
observed in IO neurons (Fig. 1C and D), which suggests
that Kv11.1(Merg1a) is not likely to be a major candidate
Kv11 channel. Although the deactivation kinetics was
similar (Fig. 1G), Kv11.1(Merg1b) was activated at sub-
stantially depolarized membrane potentials (Fig. 1I and
J and Table 1) (Hirdes et al. 2005; Niculescu et al. 2013)
compared with the Kv11 current in IO neurons. In
contrast, the deactivation kinetics was fast and membrane
potential dependency was most hyperpolarized in Kv11.3

channels (Fig. 1 and Table 1). We further investigated
this concept by comparing responses recorded at the
same temperature (32°C). The Vhalf, k and decay time
constant of Kv11.3 currents recorded in HEK293 cells at
32°C were identical to those of E-4031-sensitive currents
in IO neurons (Table 2 and Fig. 1D). These data suggest
that Kv11.3 is a major Kv11 channel subtype in IO
neurons.

Heterologous expression of Kv11.1(Merg1b) or
Kv11.3 induces resonance in HEK293 cells

We next examined whether Kv11 channels have the ability
to generate resonance. For this purpose, we used the
ZAP stimulus (Puil et al. 1986; Lampl & Yarom, 1997;
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Figure 2. Heterologous expression of Kv11.1(Merg1b) or Kv11.3 induces resonance in HEK293 cells
A, C, E, G, representative voltage waves of a control HEK293 cell (A) and those transfected with Kv11.1(Merg1a)
(C), Kv11.1(Merg1b) (E), or Kv11.3 (G) in response to chirp currents (±50 pA) at individual membrane potentials. B,
D, F, H, average Z-F profiles of control HEK293 cells (B, n= 6−11 cells) and those transfected with Kv11.1(Merg1a)
(D, n = 2−8), Kv11.1(Merg1b) (F, n = 7−8), or Kv11.3 (H, n = 16−35). Shaded areas indicate the mean ± 95%
confidence interval. I and J, membrane potential dependency of the resonant strength (I) and resonant frequency
(J) in control (n = 6−11, black) and Kv11.1(Merg1a)- (n = 2−8, blue), Kv11.1(Merg1b)- (n = 7−8, purple),
and Kv11.3-expressing (n = 16−35, green) HEK293 cells. Significance of Kv11-expressing cells was compared
with that of control cells at each membrane potential. ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05 (one-way ANOVA,
post hoc; Holm–Šidák test). Data are presented as the means ± SD. K, relationship between conductance and
maximum resonant strength in individual Kv11.1(Merg1b)- (purple) or Kv11.3 (green)-expressing cells, regardless
of recorded membrane potentials. Kv11.3 conductance was calculated by the linear regression of tail-current
amplitudes evoked by depolarizations to −40, −30 and −20 mV. Kv11.1(Merg1b) conductance was calculated
from depolarizations to −20, −10 and 0 mV. L and M, individual data plots of the resonant strength (L) and
resonant frequency (M) presented in I and J in control HEK293 cells and those transfected with Kv11.1(Merg1a),
Kv11.1(Merg1b), and Kv11.3. Dashed lines represent thresholds calculated from data of control HEK293 cells
(average + 3 × SD) at individual membrane potentials. Because of the generation of oscillation and/or severe
membrane potential instability, resonance was only able to be recorded up to −10, −20 and −30 mV in
Kv11.1(Merg1b)-, Kv11.1(Merg1a)- and Kv11.3-expressing cells, respectively. N, the percentage of HEK293 cells
with resonance at individual membrane potentials.

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



556 T. Matsuoka and others J Physiol 599.2

Matsumoto-Makidono et al. 2016). In control HEK293
cells, voltage responses gradually declined with the input
current frequency at all tested membrane potentials, and
there was no clear hump in the impedance–frequency
(Z-F) profile, suggesting an absence of resonance (Fig. 2A,
B, I, J, L–N). Likewise, in Kv11.1(Merg1a)-expressing
cells, there was no clear hump in the analysed frequency
range from 0.5−40 Hz (Fig. 2C, D, I, J, L–N). In contrast,
in some Kv11.1(Merg1b)-expressing HEK293 cells,
the magnitude of the voltage response was enhanced
around 2−4 s (roughly corresponding to 2−4 Hz)
at a depolarized potential of −20 mV (Fig. 2E).

The Z-F profile exhibited a clear hump (Fig. 2F) at
around 2−4 Hz (resonant frequency) (Fig. 2J and M).
Similar results were also observed in Kv11.3-expressing
cells, but resonance became evident at more hyper-
polarized potentials (−40 mV) (Fig. 2G–J, L, M), and
the resonant frequency range (2−6 Hz) was higher
than that of Kv11.1(Merg1b). In most Kv11.3-expressing
cells, resonance was only able to be recorded up to
−30 mV, because membrane potential oscillation was
generated and/or the current-clamp recording often
became very unstable at membrane potentials more
positive than−30 mV. For similar reasons, resonance was

Figure 3. Kv11.3 current declines with input voltage frequency and mediates the lagged phase shift of
the membrane current
A, the waveform of the sinusoidal input voltage. B–E, upper traces show representative current traces recorded in
control (green) and E-4031-containing (orange) solutions in response to the sinusoidal voltage clamp (±15 mV)
with a frequency of 0.5 Hz (B), 1 Hz (C), 3 Hz (D), and 5 Hz (E) at −30 mV in Kv11.3-expressing HEK293 cells. To
avoid transient responses, waves from the fourth to the eighth cycles of input voltage were analysed. Lower traces
are E-4031-sensitive currents (blue) calculated by subtracting the currents recorded in the presence of E-4031
from those recorded in the control solution. F, amplitudes of membrane currents of control (green) (n = 5) and
E-4031-containing (orange) solutions (n= 5) plotted against holding potential frequency. The half-magnitude from
the bottom to the top of the sinusoidal membrane current represents amplitude. ∗∗P < 0.01 between control
and E-4031 (P = 0.023, two-way ANOVA, post hoc, Holm–Šidák test). G, frequency dependence of amplitudes
of E-4031-sensitive currents (blue, n = 5) (P = 0.003, one-way ANOVA, post hoc, Holm–Šidák test). H and I,
phase between total current (green) and holding voltage (red) with 0.5 Hz (H) and 10 Hz (I). These traces were
recorded from the same cell shown in B–E. J, phase of the membrane current relative to the holding potential
frequency (control, n = 5; E-4031, n = 5). The phase was estimated by cross-correlation analysis. The phases of
the membrane currents changed from lag to lead in the control solution, but they were always lead in the presence
of E-4031. ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05 between control and E-4031 (P < 0.001, two-way ANOVA, post
hoc, Holm–Šidák test). Data are presented as the means ± SD.
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recorded up to−20 and−10 mV in Kv11.1(Merg1a)- and
Kv11.1(Merg1b) expressing cells, respectively. These data
suggest that resonance is induced by the expression of
Kv11.1(Merg1b) and Kv11.3 in HEK293 cells.

To estimate the incidence of resonance, we classified
resonance as being induced if cells satisfied both of the
following criteria at each membrane potential (Fig. 2N):

first, the resonant strength was higher than the mean +
3 standard deviations (SD) of control cells. Second, the
resonant frequency was higher than the mean + 3 SD of
control cells. According to these criteria, approximately
60% of Kv11.3-expressing cells exhibited resonance at
membrane potentials from −40 to −30 mV (Fig. 2N).
Resonance became evident at more depolarized potentials

Figure 4. The Kv11.3 current shows inductor-like responses to the voltage steps
A, the RLC circuit with a leaky inductor (L and RL) and resistance of the recording electrode (Re). B, waveform of
input voltage steps with amplitudes of 5 and 10 mV. C, simulated currents flowing through the leaky inductor
(IL) in response to depolarizing voltage steps. Currents were simulated by LTspice XVII. D, simulated currents
flowing through the resistor and capacitor (IC + IR). E and F, upper traces show voltage protocols applied to
Kv11.3-expressing cells. Lower traces are representative Kv11.3 currents. Kv11.3 currents were calculated by sub-
tracting currents recorded in the presence of E-4031 from those in the control external solution. G and H, the
expanded traces in response to 5 mV (G) or 10 mV (H) voltage steps at a shaded period in E or F. I and J, Kv11.3
conductance calculated from data in G or H. Conductance was calculated by dividing the current amplitude by the
driving voltage (holding potential–theoretically calculated K+ equilibrium potential (−99 mV)). Black arrowheads,
transient opposing conductance changes. Black bars, time windows for steady-state conductance measurements
in K. K, steady-state Kv11.3 conductance (black bars in I and J) relative to those at −30 mV (n = 7). Green spots
represent individual data. ∗∗∗P< 0.001, ∗∗P< 0.01, ∗P< 0.05 (P< 0.001, two-way ANOVA, post hoc, Holm–Šidák
test). L and M, magnitudes of opposing conductance changes (arrowheads in I and J) relative to steady-state
conductance before onsets or offsets of 5 mV (L) or 10 mV (M) depolarizing (left two bars) or hyperpolarizing
(right two bars) voltage steps from −30 mV (n = 7). Data are represented as the means ± SD. N, representative
waves recorded in the absence (left) or presence (right) of E-4031 (10 μM) in a Kv11.3-expressing HEK293 cell
in the voltage-clamp mode. Similar results were obtained from eight cells. O, representative voltage waves of a
Kv11.3-expressing HEK293 cell in response to chirp currents (50 pA) at membrane potentials of −30 mV in the
absence (left) or presence (right) of E-4031. Waves were recorded in the current-clamp mode. P, effects of E-4031
on the resonant strength (left) and resonant frequency (right) at −30 mV (n = 5). Resonance was totally blocked
by E-4031. Data are presented as the means ± SD. ∗P < 0.05, ∗∗P < 0.01 (t-tests).

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



558 T. Matsuoka and others J Physiol 599.2

(−20 to −10 mV) in Kv11.1(Merg1b)-expressing cells,
but the incidence was less frequent (Fig. 2N). However,
even in the Kv11.3-expressing cells, approximately 40%
of cells did not show resonance (Fig. 2N). We assumed
that resonant strengthmight correlate with themagnitude

of Kv11 conductance. Although resonant strength likely
increased with Kv11.1(Erg1b) or Kv11.3 conductance, the
correlation was not significant (Kv11.1(Erg1b), r = 0.30,
P = 0.48 ; Kv11.3, r = 0.14, P = 0.57, Pearson correlation
coefficient) (Fig. 2K). These results suggest that the

Figure 5. Heterologous expression of Kv11 channels generates membrane potential oscillation
A and B, left traces are representative traces in a control HEK293 cell (A) and cells transfected with Kv11.1(Merg1a)
(B) at individual membrane potentials. Right panels are PSDs calculated from the left traces by FFT. Inset: the PSD
from 0−10 Hz is expanded. C and D, left traces are representative traces in cells transfected with Kv11.1(Merg1b)
(C), or Kv11.3 (D) at individual membrane potentials. Middle panels show elongated traces at points indicated
by bars in individual left traces. Right panels are PSDs calculated from the left traces by FFT. E, magnitude of
peak PSDs at 0, −10, −20, −30 and −40 mV in control HEK293 cells (n = 7−11, black) and cells transfected
with Kv11.1(Merg1a) (n = 18, blue), Kv11.1(Merg1b) (n = 6−8, purple) and Kv11.3 (n = 17−25, green). Filled
symbols represent cells with resonance. Right panel shows distribution of all peak PSDs. Data were classified into
two groups using k-means clustering (green and orange). The dashed line represents the threshold between two
groups (10−2.33 V2 Hz−1). F, individual data of the peak PSD frequency. G, the percentage of HEK293 cells whose
peak PSDs were larger than 10−2.33 V2 Hz−1. H and I, the relationship between resonant frequency and peak PSD
frequency in control HEK293 cells and those transfected with Kv11.1(Merg1b) (H) and Kv11.3 (I). Only cells with
recordings of both resonance and oscillation are plotted. J and K, the relationship between resonant strength and
peak PSD in HEK293 cells transfected with Kv11.1(Merg1b) (J) and Kv11.3 (K).
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magnitude of resonant strength is not just affected by the
magnitude of Kv11 conductance.

To further confirm whether Kv11 currents are able
to show inductor-like current–voltage responses, Kv11
current responses to sinusoidal voltage inputs were
directly recorded under the voltage-clamp mode. For this
analysis, Kv11.3-expressing cells were examined because
they had the highest incidence of resonance and had
clear impedance change (Fig. 2). In our previous study,
we theoretically analysed the influence of the inductor
on current-voltage responses in the voltage-clamp mode
using RLC circuits (Matsumoto-Makidono et al. 2016;
Hashimoto, 2020). The current amplitude flowing
through the inductor was predicted to be large at a
lower frequency range, but gradually decline with an
increase in frequency. Furthermore, the phase of the
total current relative to the sinusoidal voltage inputs
lagged at the lower frequency range but led at the higher
frequency range in the RLC circuit. Similar observations
have been also presented in neurons in the current-clamp

Figure 6. Kv11.1(Merg1a)-expressing cells show resonance
A, the waveform of the sinusoidal input current. B and C,
representative currents recorded in a Kv11.1(Merg1a)-expressing cell
in response to the sinusoidal input currents (±50 pA) with a
frequency of 0.2 Hz (top), 0.8 Hz (middle) and 2.0 Hz (bottom) at
−60 mV (B) and –30 mV (C). To avoid transient responses, voltage
waves from the fourth to the eighth cycles of the input current were
analysed. D, magnitudes of sinusoidal membrane potentials at
−60 mV (n = 5, red) and −30 mV (n = 8, blue) plotted against
frequencies of input currents. Data are presented as the means ± SD.

recording (Ulrich, 2002; Nolan et al. 2007; Narayanan &
Johnston, 2008; Zemankovics et al. 2010; Dwyer et al.
2012; Marcelin et al. 2012; Vera et al. 2014; Song et al.
2016). In contrast, the phase of the total current flowing
through the RC circuit, which represents the electrical
circuit of the plasma membrane, always leads the voltage
inputs, which suggests that the phase lag at the lower
frequency range is caused by the inductor. Thus, if Kv11.3
behaves like an inductor, Kv11.3 conductance would be
expected to show these properties.
We recorded currents from Kv11.3-expressing HEK293

cells in response to a sinusoidal voltage clamp with the
same amplitude (±15 mV) but different frequencies of
0.5, 1, 3, 5 and 10 Hz at −30 mV (Fig. 3). Current
recordings were repeated in the presence or absence of
E-4031, and E-4031-sensitive currents (Kv11.3 currents)
were calculated by subtracting the traces recorded in the
presence of E-4031 from those in the control solution.
The amplitudes of the membrane currents (Fig. 3B–E,
green) in response to the sinusoidal voltage clamp were
smallest around the resonant frequency (Fig. 3F, green) in
the control solution. Because input voltage was constant,
the smallest current indicated the greatest impedance. In
contrast, the amplitudes of themembrane currents mono-
tonically increased in the presence of E-4031 (Fig. 3B–E
and F, orange), which represented the response in the
RC circuit. The isolated E-4031-sensitive currents, which
represent Kv11.3 currents, exhibited nearly sinusoidal
waveforms, and the peak amplitudes declined with
increasing input frequencies (Fig. 3B–E and G, blue).
Furthermore, the phase of the membrane current relative
to the input voltage shifted from a lag (Fig. 3H) to a lead
(Fig. 3I) around the resonant frequency (Fig. 3J, green)
in the control solution. They were always lead in the
presence of E-4031 (Fig. 3J, orange), suggesting the loss
of the inductor-like element. These results support the
idea that E-4031-sensitive Kv11.3 conductance plays an
inductor-like role.

The Kv11.3 current shows inductor-like responses to
the voltage steps

We next conducted a more detailed examination of the
ion channel properties that allow channels to behave like
inductors (Fig. 4). For this analysis, current responses to
step voltage inputs were examined; these are often used to
analyse the electrical properties of linear electrical circuits.
We first theoretically verified the inductor currents in
response to small square voltage steps (Fig. 4A–D). In
the parallel RLC circuit, the simulated inductor current
exponentially increased and decreased at the onset and
offset of a positive voltage step, and then reached
individual steady-state levels (Fig. 4C).
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We next examined the responses of ion channels in
response to square voltage steps. Both 5 and 10 mV
square voltage steps were applied from a holding potential
of −30 mV, at which Kv11.3 was partially activated
(Fig. 4E–H). Kv11.3 currents were isolated by sub-
tracting the trace recorded in the presence of E-4031
from the trace recorded in the normal external solution.
The application of E-4031 completely inhibited both the
current evoked by the voltage protocol for Kv11 and
resonance in Kv11.3-expressing cells (Fig. 4N–P), thus
confirming that the E-4031-sensitive Kv11 current is
crucial for resonance. The Kv11.3 current exponentially
increased and decreased from the baseline, then reached

a steady state (Fig. 4E–H). These properties were similar
to those of the current flowing in the inductor in the
theoretical analysis (Fig. 4C).
We next examined whether the exponential increase

or decrease of current in response to voltage steps
reflected gradual activation or deactivation of Kv11.3
channels. If this were true, the Kv11.3 conductance
at 5 or 10 mV depolarizing voltage steps would be
larger than that at baseline (−30 mV). As expected,
conductance at steady states (black lines in Fig. 4I and J)
was increased by depolarization and decreased by hyper-
polarization (Fig. 4I–K), suggesting the participation of
slow activation and deactivation of Kv11.3. In addition,

Figure 7. HCN1-expressing cells exhibit resonance at hyperpolarized potentials
A, upper traces show hyperpolarizing voltage steps to evoke HCN currents. Lower traces are representative current
traces in a control HEK293 cell. B, C, E–G, representative current traces recorded in an HCN1- (B), HCN1 + TRIP8b-
(C), Kv11.1(Merg1a)- (E), Kv11.1(Merg1b)- (F), or Kv11,3-expressing (G) HEK293 cell. Scale bars, 200 pA, 0.2 s. D,
I-V plot of HCN currents in response to hyperpolarizing voltage steps in control (n = 7), HCN1 (n = 11) and HCN1
+ TRIP8b (n = 10) transfected cells. Data are represented as the means ± SD. H, representative voltage waves
of an HCN1-expressing HEK293 cell in response to chirp currents (±50 pA) at individual membrane potentials.
Scale bars, 10 mV, 2 s. I, average Z-F profiles of HCN1 cells (n = 13 cells). Shaded area indicates the mean ± 95%
confidence interval. Red and grey lines represent data from cells with (n= 1−2) or without (n= 11−13) resonance,
respectively. J, similar to H, but with voltage traces recorded from a HEK293 cell transfected with HCN1 and TRIP8b.
K, averaged Z-F profiles of HEK293 cells transfected with HCN1 and TRIP8b (n = 10−16). Orange and grey lines
represent data from cells with (n = 1−5) or without (n = 8−16) resonance, respectively. L, relationship between
HCN1 conductance and the maximum resonant strength in HCN1- (red) and HCN1 + TRIP8b- (orange) expressing
cells regardless of recorded membrane potential. M and N, resonant strength (M) and resonant frequency (N) at
−30, −40, −60 and −75 mV in HEK293 cells transfected with HCN1 (n = 13) and HCN1 + TRIP8b (n = 10−16).
Dashed lines represent thresholds calculated from data of control HEK293 cells (average + 3 × SD, Fig. 2L and
M) at individual membrane potentials. O, the percentage of HEK293 cells with resonance at individual membrane
potentials.
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we found another transient response. At the onset
of depolarization, conductance transiently decreased
relative to that at baseline (−30 mV) (arrowheads in
Fig. 4I and J). In contrast, conductance transiently
increased at the offset of depolarization (Fig. 4I, J, L
and M). At the onset and offset of hyperpolarization,
conductance increased and decreased (Fig. 4I, J, L andM),
respectively. Taken together, Kv11.3 conductance trans-
iently decreased by depolarizing voltage changes and
increased by hyperpolarizing voltage changes (Fig. 4L
and M). At around −30 mV, the K+ current flowing
throughKv11.3 channels increasedwith depolarization. In
this situation, such transient conductance changes oppose
the current changes that are induced by voltage steps.
This opposing conductance change probably has a similar
influence on the flowing current as that of an inductor,
and may potentially enable Kv11.3 to behave like the
inductor.

Heterologous expression of Kv11 channels generates
membrane potential oscillation

Some recordings from Kv11-expressing cells showed
sustained membrane potential oscillation (Fig. 5), which
was never observed in control HEK293 cells (Fig. 5A).
To determine the cells that had clear membrane potential
oscillation, we classified all of the data regarding the peak
power spectrumdensity (PSD)magnitude into two groups
in a logarithmic scale using k-means clustering (Fig. 5E,
right). We measured the frequency from the larger PSD
group, which represented cells with clear membrane
potential oscillation. The peak PSD of this group was
larger than 10−2.33 V2 Hz−1. The peak PSD frequency of
the Kv11.3-expressing cells (2.7 ± 1.0 Hz, n = 8) was
higher than that of Kv11.1(Merg1a) (0.8± 0.3 Hz, n= 16;
one-way ANOVA, P< 0.001; Holm–Šidák test, P< 0.001)
or Kv11.1(Merg1b) (1.8 ± 0.3 Hz, n = 4; P = 0.017)

Figure 8. Punctate subcellular distribution of Kv11.3 on the dendrites of IO neurons
A, fluorescent in situ hybridization of Kcnh7 mRNA in the adult mouse brain. B, double-labelling fluorescent in
situ hybridization for Kcnh7 (B1) and VGluT2 (B2) in the IO. C, higher magnification images of the IO. Kcnh7 (red)
and VGluT2 (green) mRNA was co-expressed in IO neurons. D–F, triple immunofluorescence showing Kv11.3 (red)
and HCN1 (green) localization on MAP2-positive neurons (blue). Boxed areas in E are shown in F. Arrows indicate
Kv11.3-positive puncta. G–J, triple immunofluorescence showing Kv11.3 (red) and HCN1 (green) localization on a
virally labelled GFP-positive neuron (blue). The boxed area in G is shown in H. The boxed areas in H are enlarged
in I and J. Arrows indicate Kv11.3-positive puncta. Scale bars: A, 1 mm; B, D, G, 200 μm; C, 20 μm; E, 5 μm; F, I,
J, 1 μm; H, 10 μm.
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(Fig. 5B–F). The peak PSD frequency of Kv11.1(Merg1b)
was higher than that of Kv11.1(Merg1a) (P = 0.009).
We estimated the incidence of oscillation by calculating
the percentage of these cells that had clear oscillation
(Fig. 5G). The estimated oscillation incidence tended to
increase with depolarization, and the membrane potential
dependencies of individual Kv11 channels were similar to
those of Kv11 currents (Fig. 1I and J).
Because a close relationship has been reported

between resonant frequency and oscillation frequency
(Hutcheon & Yarom, 2000; Erchova et al. 2004; Tohidi
& Nadim, 2009), we examined their relationships in
Kv11.1(Merg1b)- or Kv11.3-expressing cells (Fig. 5H–K).
Because of technical limitations, resonant properties
cannot be accurately assessed while oscillation is being
generated (Hutcheon & Yarom, 2000), particularly at
the same membrane potential. Therefore, frequencies
at the largest PSD amplitude were compared with
resonant frequencies at the largest resonant strength
in individual cells, regardless of membrane potential.
There was a significant correlation between peak PSD
frequency and resonant frequency in both Kv11.3-
(r = 0.75, P < 0.001, Pearson correlation coefficient) and
Kv11.1(Merg1b)-expressing cells (r = 0.87, P = 0.005)
(Fig. 5H and I). These results confirm a close relationship
of the frequency properties between resonance and
membrane potential oscillation. We also examined
relationship between magnitudes of the resonant strength
and the peak PSD. Resonant strength also correlated
with peak PSD in Kv11.3-expressing cells (r = 0.455,
P = 0.019) (Fig. 5K), while the correlation coefficient
is not large. The correlation in Kv11.1(Merg1b) was
not statistically significant (r = 0.682, P = 0.063), but
resonant strength tended to increase with the peak PSD
in Kv11.1(Erg1b)-expressing cells (Fig. 5J).
Kv11.1(Merg1a)-expressing cells did not show

resonance when using the ZAP stimulus protocol
(Fig. 2C, D and L–N), although they exhibited clear
membrane potential oscillation at the lower frequency
range (Fig. 5B and E–G). We assumed that such
low-frequency resonance was incorrectly assessed using
the ZAP protocol because the frequency was close to
the detection threshold (0.5 Hz). To examine resonance
at a lower frequency range, sinusoidal currents with
frequencies of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 2.0 Hz
were individually applied to Kv11.1(Merg1a)-expressing
cells (Fig. 6A), and magnitudes of output voltage were
plotted against input current frequencies (Fig. 6B–D).
As a result, output voltage peaked around 0.8 Hz in
a membrane potential-dependent manner (Fig. 6D),
suggesting the occurrence of resonance at the low
frequency range in Kv11.1(Merg1a)-expressing cells.
The resonant frequency was largely identical to the peak
PSD frequency of Kv11.1(Merg1a)-expressing cells, which

confirms the relationship between resonance and peak
PSD frequencies.

Transfection of HCN1 induces resonance at
hyperpolarized membrane potentials

It has been reported that resonance in many brain
regions is dependent on HCN channels (Hutcheon &
Yarom, 2000; Wang, 2010; Hashimoto, 2020). HCN1 is
known to be a subtype that can induce resonance in
neurons (Matsumoto-Makidono et al. 2016; Hashimoto,
2020). However, it remains unclear whether transfection
of HCN1 reproduces resonance. We therefore explored
the influence of HCN1 transfection on resonance. The
hyperpolarizing voltage protocol evoked HCN currents
in HCN1-transfected cells (Fig. 7A, B, D), but not in
control or Kv11-expressing cells (Fig. 7A, E–G). However,
according to the aforementioned criteria for resonance
generation, most HCN1-expressing cells did not exhibit
resonance at hyperpolarized potentials (Fig. 7H, I,
M–O). We assumed that the low incidence of resonance
might have resulted from the low surface expression
of HCN1, and thus tried to co-transfect HCN1 with
Rab8b-interacting protein (TRIP8b, Pex5l) (Fig. 7J and
K). We used a splice variant of TRIP8b with an exon 1a
followed by a subsequent variable exon 4 (1a−4), which
has been reported to enhance the surface expression of
HCN channels (Lewis et al. 2009; Santoro et al. 2009).
Co-expression with TRIP8b enhanced the HCN1 current
(Fig. 7C andD), and substantially increased the incidence
of cells with resonance at hyperpolarized membrane
potentials (8% to 31% at −60 mV and 15% to 20%
at −75 mV, Fig. 7J, K, M, N), although the incidence
remained relatively low (Fig. 7O). Similar to the Kv11.3
channel, the magnitude of the resonant strength did not
show a significant correlation with HCN conductance
(r = 0.11, P = 0.6, Pearson correlation coefficient)
(Fig. 7L). The Z-F plot of HCN1- and TRIP8b-expressing
cells exhibiting resonance showed a hump (Fig. 7K,
orange) that peaked at 2.2 ± 0.6 Hz at −60 mV (n = 5)
and 3.2 ± 0.9 Hz at −75 mV (n = 2). In all cells, the
peak PSD was less than 10−2.33 V2 Hz−1, which suggests
that membrane potential oscillation was not observed in
HCN1-expressing cells, probably because of the relatively
weak resonant strength.

Kv11.3 is crucial for resonance at depolarized
membrane potentials in IO neurons

We finally examined the functional roles of Kv11 on
resonance in neurons. The resonant frequency range of
Kv11.1(Merg1a)-expressing cells (0.6−0.8Hz) (Fig. 6)was
below the lower limit of resonant frequency in IO neurons

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 599.2 Roles of Kv11 K+ channels in resonance and oscillation 563

(2−10Hz) (Lampl &Yarom, 1997;Matsumoto-Makidono
et al. 2016), which suggests that Kv11.1(Merg1a) is
not likely to be a candidate. In contrast, the resonant
frequency range of Kv11.1(Merg1b)-expressing cells
(2−6 Hz) (Fig. 2J and M) overlapped with those of IO
neurons. However, Kv11.1(Merg1b)-mediated resonance
occurred from more depolarized membrane potentials
(Fig. 2I, J, L–N). Meanwhile, the frequency range of
Kv11.3-dependent resonance overlapped with that of
IO neurons and began to be activated at more hyper-
polarized potentials. These data suggest that Kv11.3 is
likely to be the major subtype that generates resonance
around the resting membrane potential in IO neurons. As
already presented earlier in the results of the Kv11 current
kinetics, the analysis of Kv11 currents also support this
concept (Table 2).

We confirmed Kv11.3 expression in IO neurons using
histochemical methods (Fig. 8). Kcnh7 transcripts were
widely expressed in the adult mouse brain, including the
IO (Fig. 8A and B), as reported previously (Saganich
et al. 2001; Perry & Sanguinetti, 2010). In the IO nucleus,
Kcnh7mRNAwas detected in VGluT2mRNA-expressing
projection neurons (Fig. 8C). The distribution of Kv11.3
protein in IO neurons was analysed using a specific
antibody (Fig. 8D–J). Kv11.3 immunoreactivity was
distributed throughout the entire IO nucleus, but tended
to be higher in the dorsal and medial accessory olive
(Fig. 8D1). The absence of immunolabelling in Kcnh7
(Kv11.3) KO brains (Fig. 9D and E) verified the specificity
of Kv11.3 immunohistochemistry. Similar to HCN1
(Fig. 8E2 and F2) and Cav3.1 (Matsumoto-Makidono et al.
2016), which are involved in resonance in IO neurons,
Kv11.3 immunoreactivity appeared as punctate labelling
on MAP2-positive dendrites of IO neurons (Fig. 8E1 and
F1). Clusters of Kv11.3 and HCN1 were closely apposed
and partially overlapped (Fig. 8E3 and F3). This spatial
relationship between Kv11.3- and HCN1-positive puncta
was also confirmed in a GFP-labelled single neuron
(Fig. 8G–J).

We also examined the functional roles of Kv11.3
in IO neurons using Kcnh7 KO mice (Fig. 9). The
voltage-dependent, E-4031-sensitive current was
significantly decreased in Kcnh7 KO mice (Fig. 10A–C).
To record resonance, Ca2+-free external solutionwas used
to suppress Cav3.1-dependent amplifying conductance
(Matsumoto-Makidono et al. 2016). In wild-type mice,
the resonant strength increased with hyperpolarization
of the membrane potential, peaked at −75 mV, and then
declined with further hyperpolarization (Fig. 10D–H)
(Matsumoto-Makidono et al. 2016). Notably, the Z-F
profile at −30 and −40 mV showed a clear hump
(Fig. 10E and F) and the resonant frequency was around
5 Hz (Fig. 10H), suggesting the generation of resonance.
In Kcnh7 KO mice, the resonant strength approached
1 and the resonant frequency shifted towards lower

frequencies at −30, −40, and −60 mV, but not at −75 or
−90 mV (Fig. 10G and H). Importantly, the Z-F profiles
at −30 and −40 mV exhibited a monotonic decline with
frequency (Fig. 10F, red line). These data suggest the
loss of an inductor-like factor at depolarized potentials
in IO neurons in Kcnh7 KO mice. The Z-F plot of Kcnh7
KO mice was not affected by E-4031, suggesting that
the contributions of other Kv11 subtypes were negligible

Figure 9. Generation of Kv11.3 KO mice
A, schematic representation of the Kcnh7 genomic DNA (Kcnh7 +),
targeted genome (Kcnh7-flox; Neo) and targeted genome after
Cre-mediated recombination (Kcnh7 –). Black numbered boxes
indicate coding exons. Filled circles in the targeted genomes
delineate the 5′ and 3′ termini of the targeting vectors. Grey bars
indicate probe regions (5′, Neo and 3′) for Southern blot analysis.
Two frt sequences (semicircles) were attached to remove the
neomycin resistant gene (Neo). Triangles indicate loxP sequences.
Arrows show primer positions for PCR genotyping. B, Southern blot
analysis of wild-type (Kcnh7 +/+) and recombinant (Kcnh7-flox;
Neo/+) ES cell genomes. NheI-digested DNA hybridized with the 5′
probe, 13.1 kb for the wild-type and 10.3 kb for the targeted allele;
NheI-digested DNA hybridized with the Neo probe, 10.3 kb for the
targeted allele; HindIII-digested DNA hybridized with the 3′ probe,
11.8 kb for the wild-type and 9.8 kb for the targeted allele. Positions
of DNA size markers (kb) are indicated on the left. C, PCR
genotyping of Kcnh7 wild-type (WT), KO heterozygote (Hetero), and
homozygote (Homo) mice. A specific primer set produced a 1077 bp
or 412 bp band in wild-type or KO alleles, respectively. Positions of
DNA size markers (bp) are indicated on the left. D,
immunofluorescence showing Kv11.3 (red) expression in the IO. E,
immunofluorescence showing almost no Kv11.3 expression in Kcnh7
KO mice. Images were obtained at the same acquisition settings in
D. Scale bar, 100 μm.
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Figure 10. Kv11 current and resonance in IO neurons are impaired in Kv11.3 KO mice
A, representative current traces of Kv11 tail currents recorded from a wild-type IO neuron in high K+ external
solution. Currents were evoked by the same protocol shown in Fig. 1A. Current traces were calculated by sub-
tracting traces in the presence of E-4031 from those recorded in control external solution. B, representative current
traces of a Kcnh7 KO IO neuron. C, the plots of tail current amplitudes fromwild-type (blue, 9 cells, six animals) and
Kcnh7 KO (red, 8 cells, four animals) neurons. Data are presented as the means ± SD. D, representative voltage
waves of a wild-type (left) or a Kcnh7 KO (right) IO neuron in response to chirp currents (±50 pA) at membrane
potentials of −30, −40, −60, −75 and −90 mV in the Ca2+-free external solution. E, average Z-F profiles of
IO neurons in wild-type (blue, 7−9 cells, three animals) and Kcnh7 KO (red, 10−13 cells, three animals) mice.
Shaded area indicates the mean ± 95% confidence interval. F, magnified graphs of −30 mV (upper) and −40 mV
(lower) from E. G and H, membrane potential dependency of resonant strength (G) and resonant frequency (H)
of IO neurons in wild-type (7−9 cells, three animals) and Kv11.3 KO (10−13 cells, three animals) mice. Data
are presented as the means ± SD. ∗P < 0.05; ∗∗P < 0.01 (two-way ANOVA, post hoc, Holm–Šidák test). I and J,
pharmacological effects of E-4031 (10μM) and E-4031+ ZD7288 (20μM) on the membrane potential dependency
of resonant strength (I) and resonant frequency (J) in Kcnh7 KO mice (control, n = 5−7, 3 animals; E-4031, n = 6,
2 animals; E-4031 + ZD7288, n = 4, 3 animals). Data are presented as the means ± SD. Statistical differences of
E-4031 and E-4031 + ZD7288 from the control are presented. ∗P < 0.05; ∗∗P < 0.01, two-way ANOVA, post hoc,
Holm–Šidák test. K, representative traces of STO in wild-type (blue) and Kcnh7 (red) KO IO neurons at −60 mV
(upper) and −75 mV (lower). L, peak PSD magnitudes of STO at −60 mV (upper) and −75 mV (lower) in wild-type
(n = 10, 1 animals) and Kcnh7 KO (n = 10, 3 animals) IO neurons. Data are presented as the means ± SD.
∗P < 0.05; ∗∗P < 0.01, Mann–Whitney U test.

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 599.2 Roles of Kv11 K+ channels in resonance and oscillation 565

(Fig. 10I and J). The subsequent application of ZD7288
(20μm), a blocker for HCN channels, completely blocked
resonance at hyperpolarized potentials in Kcnh7 KOmice
(Fig. 10I and J). Kv11.3 appears to be a crucial subtype for
the generation of resonance around the restingmembrane
potential (Khosrovani et al. 2007) in IO neurons.

Finally, we examined the influence of Kcnh7 KO on
STO. STO was recorded in normal external solution by
10 min after whole-cell recording began because STO
tended to disappear. All peak PSDs were clustered into
two groups using k-means clustering, with a threshold of
10−3.27 V2 Hz−1. Neurons in the larger peak PSD group
were taken as neurons with clear oscillation. STO was
observed in 70%−90% of wild-type IO neurons (9/10 at
−60 mV and 7/10 at −75 mV) at membrane potentials of
−75 and −60 mV (Fig. 10K and L). However, compared
with the wild-type results, STO incidence was lower
in the Kcnh7 KO mice (2/10 at −60 mV and 2/10 at
−75 mV) (Fig. 10K and L). Furthermore, the peak PSD
was significantly lower in Kcnh7 KO mice (Fig. 10L). The
peak PSD frequencies of the larger peak PSD group were
from 1.1 to 5.0 Hz (2.5 ± 0.7 Hz at −60 mV (n = 9,
1 animal); 2.9 ± 0.9 Hz at −75 mV (n = 7, 1 animal))
in wild-type and from 2.1 to 4.2 Hz (3.1 ± 1.4 Hz at
−60 mV (n = 2, 1 animal); 3.5 ± 0.9 Hz at −75 mV
(n = 2, 2 animals)) in Kcnh7 KO mice. These results
suggest that STO around the resting membrane potential
is also critically dependent on Kv11.3 in IO neurons.

Discussion

Kv11.1(Merg1a), Kv11.1(Merg1b), and Kv11.3
channels induce resonance

In the present study, heterologous expression of Kv11
channels reproduced resonance in HEK293 cells (Figs 2
and 6). Kv11.3 has properties that are crucial for
inductor-like response (Figs 3 and 4). The inductor in
an electrical circuit generates voltage with a polarity
that opposes the current change. Furthermore, the
magnitude of the opposing voltage linearly increases
with the rate of current change (V (t ) = L(dI(t )/dt ),
L: inductance). Therefore, rapid current changes caused
by the onset and offset of the voltage step are pre-
ferentially suppressed. Consequently, currents with lower
frequencies pass through the inductor (low-pass filter).
Because ion channels do not generate such opposing
voltages, their mechanisms for generating inductor-like
responses should be different. The analysis of current
responses to voltage steps suggests that the inductor-like
responses in the present study were mediated by the
following two processes: the fast opposing conductance
change just after the voltage onset, and the subsequent
slow activation or deactivation of ion channels (Fig. 4). At
−30 mV, a part of Kv11.3 is persistently activated. If open

Kv11.3 channels acted as an ideal conductance, the current
would show a stepwise increase from the baseline current
at the onset of the 5 or 10 mV voltage step, according to
Ohm’s law. However, the step current increase is likely to
be cancelled by the fast opposing conductance decrease,
and the subsequent transient response starts from around
the baseline. The fast opposing conductance decrease
or increase may have similar influences, suppressing
transient current via the opposing potential generation
by the inductor. The opposing conductance change
may be caused by inactivation of Kv11.3. It has been
reported that inactivation and recovery from inactivation
ofKv11 channels occurs very quickly (Perry&Sanguinetti,
2010; Gustina & Trudeau, 2012; Bauer & Schwarz,
2018). Continuously activating Kv11.3 around −30 mV
might cause weak inactivation, and a small amount
of depolarization may quickly cause further Kv11.3
inactivation. At hyperpolarization, the opposite changes
would be expected to occur. Currently, we cannot
completely rule out the possibility that unknown auxiliary
factors necessary for resonance are intrinsically expressed
in HEK293 cells. However, the generation of resonance is
unlikely to be affected by the unexpected overexpression
of other voltage-dependent ion channels, because the
voltage protocol for the HCN current did not evoke
detectable currents (Fig. 7A, E–G), and E-4031 largely
blocked the current evoked by membrane potential
depolarizations (Fig. 4N).
It has been reported that resonance in neurons is

mediated by several types of K+ channels, such as the
M-type K+ channel (Hu et al. 2002; Peters et al. 2005;
Heys et al. 2010; Boehlen et al. 2013; Vera et al. 2014;
Honigsperger et al. 2015) and SK channels (Xue et al.
2012). However, it is unclear whether or not these
candidate channels share common properties to behave
like inductors. Analysis of these candidate K+ channels
will provide more information about the crucial gating
properties for responding like inductor.

Relationships between resonance and oscillation

In the present study, resonant frequency strongly
correlated with peak PSD frequency in Kv11-expressing
cells (Fig. 5H and I). These data confirm the close
relationship of frequency properties between resonance
and membrane potential oscillation (Hutcheon & Yarom,
2000; Erchova et al. 2004; Tohidi & Nadim, 2009).
According to previous theoretical and experimental
analyses, membrane potential oscillation requires inter-
actions between two or more ion channels with distinct
gating properties and ion permeabilities (Alonso &
Llinas, 1989; McCormick & Pape, 1990; Fransen et al.
2004; Wang, 2010; Chen et al. 2018). Therefore, from the
present analysis alone, we are unable to conclude that
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stable membrane potential oscillation can be induced
solely by Kv11 expression. However, the kinetics of
Kv11 channels may affect the frequency of oscillation.
The peak PSD frequency in Kv11.1(Merg1a) was sub-
stantially slower than that of Kv11.1(Merg1b) and Kv11.3
(Fig. 5). Because the activation and deactivation kinetics
of Kv11.1(Merg1a) are also slower than those of other
subtypes (Fig. 1F–H) (London et al. 1997; Shi et al. 1997;
Schledermann et al. 2001; Wimmers et al. 2002; Hirdes
et al. 2005; Sturm et al. 2005; Niculescu et al. 2013), there
may be a relationship between the kinetics of Kv11 and
the frequency of oscillation.

HCN1 generates resonance at hyperpolarized
potentials

HCN channels reportedly have sufficient properties to act
as resonating conductance (Narayanan & Johnston, 2008;
Matsumoto-Makidono et al. 2016; Hashimoto, 2020) and
play a pivotal role in generating resonance at hyper-
polarized potentials in many neuronal systems (Hutcheon
& Yarom, 2000; Wang, 2010; Hashimoto, 2020). Both
Kv11 and HCN channels are known to be involved
in the CNBD cation channel family, which is part of
the voltage-dependent K+ channel superfamily (James &
Zagotta, 2018). These channels are characterized by a
cyclic nucleotide-binding homology domain (CNBHD)
in the C-terminal region (Perry & Sanguinetti, 2010;
Gustina & Trudeau, 2012; Morais-Cabral & Robertson,
2015; Bauer & Schwarz, 2018). The present study raises
the possibility that these channels share not only structural
similarities, but also functional similarities for membrane
potential rhythmogenesis.
We have previously reported that HCN1 plays a

role as the inductor in resonance in IO neurons
(Matsumoto-Makidono et al. 2016). In the present study,
some cells transfected with HCN1 induced resonance at
hyperpolarized potentials (Fig. 7M–O). Unexpectedly,
the incidence of HCN1-expressing cells with resonance
was relatively low and the resonant strength was weak in
the present study (Fig. 7H–K,M–O). Although we cannot
rule out the possibility that the membrane expression of
HCN1 was too low to induce resonance, HCN1 might
require additional factors to induce clear resonance. The
overall Z-F profile of cells without resonance in HCN1
& TRIP8b expressing cells (the grey line in Fig. 7K) was
comparable to those of control cells at −30 mV (Fig. 2B),
but was significantly lower at −75 mV. This suggests that
HCN1 conductance is persistently activated by hyper-
polarization without exhibiting frequency-dependent
impedance changes. The expression of HCN1 alone may
be insufficient to induce clear resonance. This concept
is supported by previous reports demonstrating that
co-expression of HCN channels and Kir2.1 is necessary to

reproduce spontaneous slow oscillation (Sun et al. 2017;
Chen et al. 2018).

Roles of Kv11 channels in IO neurons

Both Kv11.3 and Kv11.1 mRNA are expressed in the
IO nucleus (Shi et al. 1997; Saganich et al. 2001; Perry
& Sanguinetti, 2010), and the E-4031-sensitive Kv11
current remained in Kcnh7 KO mice (Fig. 10A–C),
which suggests the functional expression of Kv11.1 in
IO neurons. However, resonance at membrane potentials
ranging from −60 to −30 mV was largely mediated by
Kv11.3 in IO neurons (Fig. 10D–J). Analysis of Kv11.1
kinetics suggested that the major splice variant was likely
to be Merg1b, which was activated by strong membrane
potential depolarization (Fig. 1I and J and Table 1) (Hirdes
et al. 2005; Niculescu et al. 2013). Kv11.1 may be activated
by stronger depolarizations in IO neurons, andmay play a
role in accommodating action potential firing rather than
in generating resonance around the resting membrane
potential (Bauer & Schwarz, 2018).
The voltage range of Kv11.3-dependent resonance

largely overlaps with the resting membrane potential
in IO neurons in vivo (−45 to −65 mV) (Khosrovani
et al. 2007), which suggests that Kv11.3 is a crucial sub-
type for generating resonance at the resting membrane
potential. The resonant strength at −30 to −60 mV
was weaker than that at more hyperpolarized potentials
(Fig. 10G). However, such weak resonance may also
promote the frequency response, because the activity
of resonating conductance is normally enhanced by
amplifying conductance (Hutcheon & Yarom, 2000).
Because IO neurons are also known to be connected by
gap junctions (Devor & Yarom, 2002), Kv11.3-dependent
resonance may contribute to facilitating synchronized
activation at the resting membrane potential among inter-
connected IO neurons. Furthermore, the present study
suggests that Kv11.3-dependent resonance contributes to
the generation of STO in IO neurons (Fig. 10K and L).
Previous analyses have suggested that STO in IO neurons
shows the largest amplitude at around −60 mV, and it is
also observed at more depolarized membrane potentials
(Benardo & Foster, 1986; Bleasel & Pettigrew, 1994; Lampl
& Yarom, 1997; Leznik & Llinas, 2005; Choi et al. 2010).
As mentioned earlier in the discussion of the relationship
between resonance and oscillation, we cannot currently
conclude that Kv11.3 solely induces oscillation. However,
Kv11.3 may be one of crucial ion channels to induce STO
at the resting membrane potential in IO neurons.
Many previous studies have reported that resonance

at depolarized and hyperpolarized potentials is mediated
by different ion channels (Gutfreund et al. 1995; Hu
et al. 2002; Heys et al. 2010; Xue et al. 2012; Boehlen
et al. 2013; Vera et al. 2014). We previously reported
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that resonance from −60 to −90 mV in the hyper-
polarized potential range was mediated by the HCN1
channel in IO neurons (Matsumoto-Makidono et al.
2016). The present analysis suggests that Kv11.3 and
HCN1 function as resonating conductances at depolarized
and hyperpolarized membrane potentials, respectively, in
IO neurons (Fig. 10I and J). The voltage ranges for HCN1
and Kv11.3 partially overlap, and resonance at −60 mV
is suppressed by both E-4031 and ZD7288, a blocker for
HCN channels (Matsumoto-Makidono et al. 2016). The
resonance at−60mV is also suppressed both inKcnh7 and
HCN1 KO mice (Fig. 10D–H) (Matsumoto-Makidono
et al. 2016). Because the membrane potential of −60 mV
is near the border of the activation thresholds for Kv11.3
and HCN1, activation of both channels might be required
to ensure the generation of sufficient resonance.

References

Akbarali HI, Thatte H, He XD, Giles WR & Goyal RK (1999).
Role of HERG-like K+ currents in opossum esophageal
circular smooth muscle. Am J Physiol 277, C1284–C1290.

Alonso A & Llinas RR (1989). Subthreshold Na+-dependent
theta-like rhythmicity in stellate cells of entorhinal cortex
layer II. Nature 342, 175–177.

Bauer CK & Schwarz JR (2018). Ether-a-go-go K+ channels:
effective modulators of neuronal excitability. J Physiol 596,
769–783.

Benardo LS & Foster RE (1986). Oscillatory behavior in
inferior olive neurons: mechanism, modulation, cell
aggregates. Brain Res Bull 17, 773–784.

Bleasel AF & Pettigrew AG (1992). Development and
properties of spontaneous oscillations of the membrane
potential in inferior olivary neurons in the rat. Brain Res
Dev Brain Res 65, 43–50.

Bleasel AF & Pettigrew AG (1994). The effect of
bicarbonate-free artificial cerebrospinal fluid on
spontaneous oscillations of the membrane potential in
inferior olivary neurons of the rat. Brain Res 639, 8–20.

Boehlen A, Henneberger C, Heinemann U & Erchova I
(2013). Contribution of near-threshold currents to intrinsic
oscillatory activity in rat medial entorhinal cortex layer II
stellate cells. J Neurophysiol 109, 445–463.

Chen K, Zuo D, Wang SY & Chen H (2018). Kir2 inward
rectification-controlled precise and dynamic balances
between Kir2 and HCN currents initiate pacemaking
activity. FASEB J 32, 3047–3057.

Choi S, Yu E, Kim D, Urbano FJ, Makarenko V, Shin HS
& Llinas RR (2010). Subthreshold membrane potential
oscillations in inferior olive neurons are dynamically
regulated by P/Q- and T-type calcium channels: a study
in mutant mice. J Physiol 588, 3031–3043.

Devor A & Yarom Y (2002). Electrotonic coupling in the
inferior olivary nucleus revealed by simultaneous double
patch recordings. J Neurophysiol 87, 3048–3058.

Dwyer J, Lee H, Martell A & van Drongelen W (2012).
Resonance in neocortical neurons and networks. Eur J
Neurosci 36, 3698–3708.

Erchova I, Kreck G, Heinemann U & Herz AV (2004).
Dynamics of rat entorhinal cortex layer II and III cells:
characteristics of membrane potential resonance at rest
predict oscillation properties near threshold. J Physiol 560,
89–110.

Fransen E, Alonso AA, Dickson CT, Magistretti J & Hasselmo
ME (2004). Ionic mechanisms in the generation of sub-
threshold oscillations and action potential clustering
in entorhinal layer II stellate neurons. Hippocampus 14,
368–384.

Gustina AS & Trudeau MC (2012). HERG potassium channel
regulation by the N-terminal eag domain. Cell Signal 24,
1592–1598.

Gutfreund Y, yarom Y & Segev I (1995). Subthreshold
oscillations and resonant frequency in guinea-pig cortical
neurons: physiology and modelling. J Physiol 483 621–640.

Hashimoto K (2020). Mechanisms for the resonant property in
rodent neurons. Neurosci Res 156, 5–13.

Heys JG, Giocomo LM & Hasselmo ME (2010). Cholinergic
modulation of the resonance properties of stellate cells in
layer II of medial entorhinal cortex. J Neurophysiol 104,
258–270.

Hirdes W, Schweizer M, Schuricht KS, Guddat SS, Wulfsen
I, Bauer CK & Schwarz JR (2005). Fast erg K+ currents
in rat embryonic serotonergic neurones. J Physiol 564,
33–49.

Honigsperger C, Marosi M, Murphy R & Storm JF (2015).
Dorsoventral differences in Kv7/M-current and its impact
on resonance, temporal summation and excitability in rat
hippocampal pyramidal cells. J Physiol 593, 1551–1580.

Hu H, Vervaeke K & Storm JF (2002). Two forms of electrical
resonance at theta frequencies, generated by M-current,
h-current and persistent Na+ current in rat hippocampal
pyramidal cells. J Physiol 545, 783–805.

Hutcheon B & Yarom Y (2000). Resonance, oscillation and the
intrinsic frequency preferences of neurons. Trends Neurosci
23, 216–222.

Ito M (2012) Input and Output Pathways in the Cerebellar
Cortex. The Cerebellum: Brain for an Implicit Self. New
Jersey: FT Press, New Jersey.45–51.

James ZM & Zagotta WN (2018). Structural insights into the
mechanisms of CNBD channel function. J Gen Physiol 150,
225–244.

Khosrovani S, Van Der Giessen RS, De Zeeuw CI & De Jeu
MT (2007). In vivo mouse inferior olive neurons exhibit
heterogeneous subthreshold oscillations and spiking
patterns. Proc Natl Acad Sci U S A 104, 15911–15916.

Kuo PH, Chuang LC, Liu JR, Liu CM, Huang MC, Lin
SK, Sunny Sun H, Hsieh MH, Hung H & Lu RB (2014).
Identification of novel loci for bipolar I disorder in a
multi-stage genome-wide association study. Prog Neuro-
psychopharmacol Biol Psychiatry 51, 58–64.

Lampl I & Yarom Y (1997). Subthreshold oscillations
and resonant behavior: two manifestations of the same
mechanism. Neuroscience 78, 325–341.

Lewis AS, Schwartz E, Chan CS, Noam Y, Shin M, Wadman
WJ, Surmeier DJ, Baram TZ, Macdonald RL & Chetkovich
DM (2009). Alternatively spliced isoforms of TRIP8b
differentially control h channel trafficking and function. J
Neurosci 29, 6250–6265.

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



568 T. Matsuoka and others J Physiol 599.2

Leznik E & Llinas R (2005). Role of gap junctions in
synchronized neuronal oscillations in the inferior olive. J
Neurophysiol 94, 2447–2456.

Llinas RR (1988). The intrinsic electrophysiological properties
of mammalian neurons: insights into central nervous
system function. Science 242, 1654–1664.

London B, Trudeau MC, Newton KP, Beyer AK, Copeland
NG, Gilbert DJ, Jenkins NA, Satler CA & Robertson GA
(1997). Two isoforms of the mouse ether-a-go-go-related
gene coassemble to form channels with properties similar
to the rapidly activating component of the cardiac delayed
rectifier K+ current. Circ Res 81, 870–878.

McCormick DA & Pape HC (1990). Properties of a
hyperpolarization-activated cation current and its role in
rhythmic oscillation in thalamic relay neurones. J Physiol
431, 291–318.

Marcelin B, Liu Z, Chen Y, Lewis AS, Becker A, McClelland
S, Chetkovich DM, Migliore M, Baram TZ, Esclapez M
& Bernard C (2012). Dorsoventral differences in intrinsic
properties in developing CA1 pyramidal cells. J Neurosci 32,
3736–3747.

Matsumoto-Makidono Y, Nakayama H, Yamasaki M,
Miyazaki T, Kobayashi K, Watanabe M, Kano M, Sakimura
K & Hashimoto K (2016). Ionic Basis for Membrane
potential resonance in neurons of the inferior olive. Cell
reports 16, 994–1004.

Mishina M & Sakimura K (2007). Conditional gene targeting
on the pure C57BL/6 genetic background. Neurosci Res 58,
105–112.

Morais-Cabral JH & Robertson GA (2015). The enigmatic
cytoplasmic regions of KCNH channels. J Mol Biol 427,
67–76.

Narayanan R & Johnston D (2008). The h channel mediates
location dependence and plasticity of intrinsic phase
response in rat hippocampal neurons. J Neurosci 28,
5846–5860.

Niculescu D, Hirdes W, Hornig S, Pongs O & Schwarz JR
(2013). Erg potassium currents of neonatal mouse Purkinje
cells exhibit fast gating kinetics and are inhibited by
mGluR1 activation. J Neurosci 33, 16729–16740.

Nolan MF, Dudman JT, Dodson PD & Santoro B (2007).
HCN1 channels control resting and active integrative
properties of stellate cells from layer II of the entorhinal
cortex. J Neurosci 27, 12440–12451.

Overholt JL, Ficker E, Yang T, Shams H, Bright GR &
Prabhakar NR (2000). HERG-Like potassium current
regulates the resting membrane potential in glomus cells
of the rabbit carotid body. J Neurophysiol 83, 1150–1157.

Perry M & Sanguinetti M (2010) Kv10, Kv11 and Kv12
Channels. Kew, JNC & Davies, CH. ION CHANNELS :
from structure to function. Oxford University Press, New
York.71–88.

Peters HC, Hu H, Pongs O, Storm JF & Isbrandt D (2005).
Conditional transgenic suppression of M channels in mouse
brain reveals functions in neuronal excitability, resonance
and behavior. Nat Neurosci 8, 51–60.

Puil E, Gimbarzevsky B & Miura RM (1986). Quantification of
membrane properties of trigeminal root ganglion neurons
in guinea pigs. J Neurophysiol 55, 995–1016.

Rosati B, Marchetti P, Crociani O, Lecchi M, Lupi R,
Arcangeli A, Olivotto M & Wanke E (2000). Glucose- and
arginine-induced insulin secretion by human pancreatic
beta-cells: the role of HERG K+ channels in firing and
release. FASEB J 14, 2601–2610.

Sacco T, Bruno A, Wanke E & Tempia F (2003). Functional
roles of an ERG current isolated in cerebellar Purkinje
neurons. J Neurophysiol 90, 1817–1828.

Saganich MJ, Machado E & Rudy B (2001). Differential
expression of genes encoding subthreshold-operating
voltage-gated K+ channels in brain. J Neurosci 21,
4609–4624.

Sanguinetti MC, Jiang C, Curran ME & Keating MT (1995).
A mechanistic link between an inherited and an acquired
cardiac arrhythmia: HERG encodes the IKr potassium
channel. Cell 81, 299–307.

Santoro B, Piskorowski RA, Pian P, Hu L, Liu H & Siegelbaum
SA (2009). TRIP8b splice variants form a family of auxiliary
subunits that regulate gating and trafficking of HCN
channels in the brain. Neuron 62, 802–813.

Schafer R, Wulfsen I, Behrens S, Weinsberg F, Bauer CK &
Schwarz JR (1999). The erg-like potassium current in rat
lactotrophs. J Physiol 518, 401–416.

Schledermann W, Wulfsen I, Schwarz JR & Bauer CK (2001).
Modulation of rat erg1, erg2, erg3 and HERG K+ currents
by thyrotropin-releasing hormone in anterior pituitary cells
via the native signal cascade. J Physiol 532, 143–163.

Shi W, Wymore RS, Wang HS, Pan Z, Cohen IS, McKinnon
D & Dixon JE (1997). Identification of two nervous
system-specific members of the erg potassium channel gene
family. J Neurosci 17, 9423–9432.

Song SC, Beatty JA & Wilson CJ (2016). The ionic mechanism
of membrane potential oscillations and membrane
resonance in striatal LTS interneurons. J Neurophysiol 116,
1752–1764.

Strauss KA, Markx S, Georgi B, Paul SM, Jinks RN, Hoshi T,
McDonald A, First MB, Liu W, Benkert AR, Heaps AD,
Tian Y, Chakravarti A, Bucan M & Puffenberger EG (2014).
A population-based study of KCNH7 p.Arg394His and
bipolar spectrum disorder. Hum Mol Genet 23, 6395–6406.

Sturm P, Wimmers S, Schwarz JR & Bauer CK (2005).
Extracellular potassium effects are conserved within the
rat erg K+ channel family. J Physiol 564, 329–345.

Sun Y, Timofeyev V, Dennis A, Bektik E, Wan X, Laurita KR,
Deschenes I, Li RA & Fu JD (2017). A singular role of IK1
promoting the development of cardiac automaticity during
cardiomyocyte differentiation by IK1 -induced activation of
pacemaker current. Stem Cell Rev 13, 631–643.

Tohidi V & Nadim F (2009). Membrane resonance in bursting
pacemaker neurons of an oscillatory network is correlated
with network frequency. J Neurosci 29, 6427–6435.

Ulrich D (2002). Dendritic resonance in rat neocortical
pyramidal cells. J Neurophysiol 87, 2753–2759.

Vera J, Pezzoli M, Pereira U, Bacigalupo J & Sanhueza M
(2014). Electrical resonance in the theta frequency range
in olfactory amygdala neurons. PLoS One 9, e85826.

Wang XJ (2010). Neurophysiological and computational
principles of cortical rhythms in cognition. Physiol Rev 90,
1195–1268.

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 599.2 Roles of Kv11 K+ channels in resonance and oscillation 569

Wimmers S, Bauer CK & Schwarz JR (2002). Biophysical
properties of heteromultimeric erg K+ channels. Pflugers
Arch 445, 423–430.

Xue WN, Wang Y, He SM, Wang XL, Zhu JL & Gao GD
(2012). SK- and h-current contribute to the generation of
theta-like resonance of rat substantia nigra pars compacta
dopaminergic neurons at hyperpolarized membrane
potentials. Brain Struct Funct 217, 379–394.

Yamasaki M, Matsui M & Watanabe M (2010). Preferential
localization of muscarinic M1 receptor on dendritic
shaft and spine of cortical pyramidal cells and its
anatomical evidence for volume transmission. J Neurosci
30, 4408–4418.

Zemankovics R, Kali S, Paulsen O, Freund TF & Hajos
N (2010). Differences in subthreshold resonance of
hippocampal pyramidal cells and interneurons: the role
of h-current and passive membrane characteristics. J Physiol
588, 2109–2132.

Zhou L, Hossain MI, Yamazaki M, Abe M, Natsume R, Konno
K, Kageyama S, Komatsu M, Watanabe M, Sakimura K
& Takebayashi H (2018). Deletion of exons encoding
carboxypeptidase domain of Nna1 results in Purkinje cell
degeneration (pcd) phenotype. J Neurochem 147, 557–572.

Additional information

Data availability statement

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Competing interests

The authors declare no competing financial interests.

Author contributions

T.M. and K.H. designed the study. T.M., M.Y., M.A. and Y.M.
performed experiments. T.M., M.Y., M.A., Y.M., H.M., H.K.,
K.S., M.W. and K.H. analysed the data. M.Y., M.A., Y.M., H.M.,
H.K., K.S. and M.W. contributed reagents/analysis tools. T.M.,

M.Y., M.A., Y.M., H.M., H.K., K.S., M.W. and K.H. wrote the
paper. All authors approved the final version of the article and
agree to be accountable for all aspects of the work in ensuring
that questions related to the accuracy or integrity of any part of
thework are appropriately investigated and resolved. All persons
designated as authors qualify for authorship, and all those who
qualify for authorship are listed.

Funding

This work was supported by Grants-in Aid for Scientific
Research (17H06313 and 17K08503 to M.Y., 16J40095 and
19K07994 to Y.M., 17H03551 and 18H04947 to K.H.) from the
Ministry of Education, Culture, Sports, Science and Technology
of Japan. This work was also supported by the Strategic
Research Program for Brain Sciences (17dm0107093h0002)
from AMED to K.H., and The Takeda Science Foundation to
H.K. Generation of the anti-Kv11.3 antibody was supported by
JSPS KAKENHI ‘Advanced Bioimaging Support’ (JP16H06280).
Generation of the Kcnh7 KO mice was supported by JSPS
KAKENHI ‘Advanced Animal Model Support’ (JP16H06276).

Acknowledgements

We thank Dr Takayuki Yoshida for critical comments about
the article. We thank Benjamin Knight, MSc, and Bronwen
Gardner, PhD, from Edanz Group (https://en-author-services.
edanzgroup.com/ac) for editing a draft of this article.

Keywords

hyperpolarization-activated cyclic nucleotide-gated channel 1
(HCN1), Kv11 (ether-à-go-go-related gene), resonance

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Statistical Summary Document

© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

https://en-author-services.edanzgroup.com/ac
https://en-author-services.edanzgroup.com/ac

