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The M-current is a low voltage-activated potassium current generated by neuronal Kv7 channels. A prominent role of the M-
current is to a create transient increase of neuronal excitability in response to neurotransmitters through the suppression of
this current. Accordingly, M-current suppression is assumed to be involved in higher brain functions including learning and
memory. However, there is little evidence supporting such a role to date. To address this gap, we examined behavioral tasks
to assess learning and memory in homozygous Kv7.2 knock-in mice, Kv7.2(S559A), which show reduced M-current suppres-
sion while maintaining a normal basal M-current activity in neurons. We found that Kv7.2(S559A) mice had normal object
location memory and contextual fear memory, but impaired long-term object recognition memory. Furthermore, short-term
memory for object recognition was intact in Kv7.2(S559A) mice. The deficit in long-term object recognition memory was
restored by the administration of a selective Kv7 channel inhibitor, XE991, when delivered during the memory consolidation
phase. Lastly, c-Fos induction 2 h after training in Kv7.2(S559A) mice was normal in the hippocampus, which corresponds to
intact object location memory, but was reduced in the perirhinal cortex, which corresponds to impaired long-term object rec-
ognition memory. Together, these results support the overall conclusion that M-current suppression is important for memory
consolidation of specific types of memories.
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Significance Statement

Dynamic regulation of neuronal excitation is a fundamental mechanism for information processing in the brain, which is
mediated by changes in synaptic transmissions or by changes in ion channel activity. Some neurotransmitters can facilitate
action potential firing by suppression of a low voltage-activated potassium current, M-current. We demonstrate that M-cur-
rent suppression is critical for establishment of long-term object recognition memory, but is not required for establishment
of hippocampus-dependent location memory or contextual memory. This study suggests that M-current suppression is impor-
tant for stable encoding of specific types of memories.

Introduction
Neuronal Kv7 channels are low voltage-gated potassium chan-
nels that are widely expressed in both central and peripheral neu-
rons and generate a current commonly known as the M-current
(Jentsch, 2000; Delmas and Brown, 2005; Greene and Hoshi,

2017). Neuronal Kv7 channels are encoded by subclasses of the
KCNQ gene family, KCNQ2, 3, 4, and 5. Since neuronal Kv7
channels are activated near the resting membrane potential, the
M-current stabilizes membrane potential at the resting potential
and controls neuronal excitability including frequency of action
potential firing (Jentsch, 2000; Delmas and Brown, 2005). Not
surprisingly, mutations in KCNQ gene family have been identi-
fied in various forms of epilepsy and encephalopathy (Miceli et
al., 2010, 2014).

An additional important function of the M-current is to
reversibly increase neuronal excitability via suppression of the
M-current in response to activation of Gq-coupled receptors
such as m1 muscarinic acetylcholine receptor (Delmas and
Brown, 2005; Greene and Hoshi, 2017). Because of this dynamic
regulatory role on neuronal excitability, M-current suppression

Received Feb. 13, 2020; revised May 8, 2020; accepted June 6, 2020.
Author contributions: A.K., M.A.W., and N.H. designed research; A.K., S.M., and N.H. performed research;

S.M. and M.A.W. contributed unpublished reagents/analytic tools; A.K., S.M., and N.H. analyzed data; A.K. and
N.H. wrote the paper.
This work was partially supported by National Institutes of Neurological Disorders and Stroke Grant R01-

NS-067288 to N.H.
A. Kosenko’s present address: Bristol Myers Squibb, Redwood City, CA 94063.
The authors declare no competing financial interests.
Correspondence should be addressed to Naoto Hoshi at nhoshi@uci.edu.
https://doi.org/10.1523/JNEUROSCI.0348-20.2020

Copyright © 2020 the authors

The Journal of Neuroscience, July 22, 2020 • 40(30):5847–5856 • 5847

mailto:nhoshi@uci.edu


has been implicated in higher brain functions such as attention
and memory (Delmas and Brown, 2005). However, there is little
experimental evidence supporting this function. Our previous
cell-based studies show that an alanine substitution of the con-
served protein kinase C (PKC) phosphorylation acceptor site in
Kv7.2 subunit, which corresponds to serine 559 in mouse ortho-
logue mKv7.2(S559A), removes most of M-current suppression
(Hoshi et al., 2003, 2005, 2010; Kosenko et al., 2012; Kay et al.,
2015). To elucidate roles of M-current suppression in higher
brain function, we recently generated Kv7.2(S559A) knock-in
mice (Greene et al., 2018). Kv7.2(S559A) mice showed signifi-
cantly attenuated M-current suppression but had normal basal
M-current density (Greene et al., 2018). Our previous study
shows that Kv7.2(S559A) mice were resistant to chemoconvul-
sants and showed minimal neuronal death after status epilepticus
(Greene et al., 2018), which suggested a pathologic role of M-cur-
rent suppression in seizures. In this present study, we analyzed
performance of homozygous Kv7.2(S559A) knock-in mice in be-
havioral learning tasks to determine whether M-current suppres-
sion plays a role in memory processing.

Materials and Methods
Mice
Mice were either C57BL/6J or Kv7.2(S559A) knock-in mice in C57BL/6J
background. Generation of Kv7.2(S559A) mice has been described
(Greene et al., 2018). All experiments were conducted according to US
National Institutes of Health guidelines for animal care and use and
were approved by the Institutional Animal Care and Use Committee of
the University of California, Irvine.

Primary neuron culture
Neuron isolation and primary neuron culture were performed according
to the protocol described previously (Kaech and Banker, 2006) with
some modifications. Briefly, the cortices of neonatal pups from wild-
type (WT) or homozygous Kv7.2(S559A) mice were treated with papain,
and DNase and plated onto poly-D-lysine-coated 35 mm dishes.
Cultured cells were maintained in a medium (Neurobasal A, B27,
GlutaMAX, and 5mM AraC).

Experimental design and statistical analysis
Electrophysiological measurements. Perforated patch-clamp record-

ings were performed at room temperature on isolated primary cortical
neurons between 13 and 15d in vitro from wild-type and homozygous
Kv7.2(S559A) mice using an Axopatch 200B patch-clamp amplifier
(Molecular Devices) as described previously (Hoshi et al., 2005; Kay et
al., 2015; Greene et al., 2018). Signals were sampled at 2 kHz, filtered at
1 kHz, and acquired using pClamp software (version 10; Molecular
Devices). Patch pipettes (3–4MX) were filled with an intracellular solu-
tion containing 135 mM potassium acetate, 15 mM KCl, 3 mM MgCl2, 6
mM NaCl, 10 mM HEPES, pH 7.2, and amphotericin B (0.1–0.2mg/ml).
The extracellular solution consisted of 130 mM NaCl, 3 mM KCl, 1 mM

MgCl2, 0.1 mM CaCl2, 11 mM glucose, and 10 mM HEPES, pH7.4 with
NaOH. Amplitudes of the M-currents were measured as XE991-sensitive
standing currents at �30mV. For current-clamp recording, membrane
potentials were adjusted to �70mV and minimal 500 ms current injec-
tion in a 5 pA increment that induced action potential firing with more
than one action potential was used to monitor neuronal excitability
using a sampling frequency of 5 kHz.

Behavioral analyses. All mice used in the behavioral experiments
were between 8 and 15weeks old at the time of testing. Both sexes were
used except for odor recognition tests, where only males were used. All
mice had ad libitum access to food and water, unless stated otherwise.
The lights were maintained on a 12 h light/dark cycle, and all behavioral
experiments were performed during the light cycle with a consistent
starting time between the groups. All mice were group housed, with a
maximum of 1 week of single housing if required by the experimental
protocol.

Open field tests. Locomotion was monitored in an automated activity
system (50� 50� 40 cm) equipped with infrared sensors for both hori-
zontal and vertical activity measurements (VersaMax, AccuScan
Instruments). Exploratory behavior was monitored during the first
30min without prior habituation to the testing arena. Data were col-
lected using VersaMax software (AccuScan). Distance traveled and dura-
tion of mice located were recorded and analyzed as described previously
(Xu et al., 2004; Okamura et al., 2008).

Rotarod test. The rotarod test was conducted as described previously
(Duangdao et al., 2009). Mice were placed on a rotarod (TSE Systems)
and the latency and rotation speed, at which the mice fell off the rod,
were recorded automatically by an infrared beam located below the
rotating rod. Each mouse was given three trials with intertrial intervals
of 20min.

Object location memory and object recognition memory tasks. Object
location memory (OLM) and object recognition memory (ORM) tasks
were conducted as previously described with minor modification
(Vogel-Ciernia and Wood, 2014; Kwapis et al., 2019). Homozygous
Kv7.2(S559A) and wild-type littermates were used in all behavioral
experiments. All mice were handled for 1min/d for 3 d, followed by 3 d
of habituation to the testing arena for 5min/d. During the training ses-
sion, two identical objects were placed and each mouse was allowed to
explore the objects for 10min. For the test session, one object was moved
to a new location (OLM) or one object was replaced with a novel object
(ORM). Mice were allowed to explore the objects for 5min, and mouse
movements were video recorded. The time spent exploring each object
was manually scored by experimenters blind to experimental groups.
Mice that explored both objects for ,3 s in either training or test ses-
sions were excluded from further analyses. Preference for the novel item
was expressed as a discrimination index [DI = (tnovel – tfamiliar)/(tnovel 1
tfamiliar)� 100].

For XE991 rescue experiments, XE991 (2mg/kg, i.p.) in PBS or PBS
vehicle (veh) control were administered 15min before training, immedi-
ately after training, or 15min before test session.

Social olfactory memory task. Olfactory memory experiments were
conducted using single-housed male mice as described (Feinberg et al.,
2012). The social odor stimuli were presented on wooden beads
(WoodWorks) scented by adult male odor donor mice. During the train-
ing session, mice were allowed to explore a single bead scented with a
novel social odor for 2min. Twenty minutes or 24 h following training,
experimental mice were presented with two beads, one scented with the
social odor presented during training and the other scented with a novel
social odor. Mice were allowed to explore the beads for 2min after the
initiation of exploration. Sniffing was scored manually and expressed as
the discrimination index.

Test of olfactory function. Mice were single housed for 3 consecutive
days before the test. During this time, a piece of cookie, Teddy Grahams
(Nabisco), was placed into the cages of subject mice every 24 h to famil-
iarize the mice with the odor and flavor of the cookie. Mice were fasted
for 24 h before the test. During the test, the mouse was placed into a
clean cage with 3 cm of clean bedding and allowed to acclimate to the
cage for 5min. The mouse was then transferred into another clean cage
and a food stimulus (cookie) was buried ;1 cm beneath the bedding
surface, in a random corner of the cage. The observer started the stop-
watch when the mouse was reintroduced into the cage and stopped it
when the mouse found the buried cookie. The test was discontinued if
the mouse did not find the food within 15min.

Odor habituation/dishabituation task. This test consists of the se-
quential presentation of different odors and assesses the ability of mice
to smell and distinguish same and different odors. The following
sequence of odors was used: water – almond – banana – social odor 1 –
social odor 2. Each odor was presented in three consecutive trials for a
duration of 2min with an intertrial interval of 1min. Habituation is
defined by a progressive reduction in olfactory investigation after
repeated presentations of the same stimulus. Dishabituation is defined
by the reinstatement of sniffing when a novel odor is presented. Odors
were presented on cotton-tipped wooden applicators prepared on the
day of the experiment. Nonsocial odors were obtained from pure natural
almond and banana extracts (Frontier Natural Products), and social
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odors were obtained from mouse cages of the same sex as the subject
mouse. The subject mouse was placed into a clean cage containing bed-
ding for 30min, and a dry cotton-tipped applicator was inserted into the
cage lid for habituation. Following the 30 min habituation, the testing
trial began by inserting the applicator dipped into one of the odors into
the cage lid. For each subsequent trial, the applicator was anchored to
the lid at the same angle and to the same depth (;2.5 cm). Sniffing was
scored when the animal was orienting toward the applicator with its
nose 2 cm or closer.

Contextual fear conditioning. Mice were handled for 3 consecutive
days for 1min each day. On the training day, mice were put into a condi-
tioning chamber. A single 2 s 0.7mA scrambled footshock was delivered
at time 2 minutes and 28 seconds of a 3 min training period. A 5 min
testing period, in which the mice were exposed to the same conditioned
context in the absence of a shock, followed 24 h later. Freezing was

measured every 10 s for the duration of a 5 min test trial by an observer
blind to the genotype. Freezing was measured and compared between
the genotypes at the baseline, before the footshock, and 24 h following
the footshock.

Immunohistochemistry for c-Fos. Two hours after training, mice were
anesthetized with isoflurane and perfused with 4% paraformaldehyde

Figure 1. Cortical neurons from Kv7.2(S559A) mice showed attenuated M-current suppression induced by oxotremorine-M and lack of a transient increase in neuronal excitability. A,
Schematic diagram of the pathway of M-current suppression and the point of intervention. Stimulation of Gq- GPCRs activates phospholipase C (PLC), which consumes phosphatitylbisphosphate
(PIP2) and activates PKC. Note that PKC mediating KV7.2 phosphorylation requires to be anchored to the Kv7.2 subunit via AKAP79/150 (see text for detail). Bottom, Aligned Kv7 channel pro-
tein sequences surrounding the mutated PKC acceptor site. B, Representative voltage-clamp current traces from cortical neurons showing I–V responses. Voltage protocol is indicated at the
top. C, M-current suppression by 0.3mM oxo-M suppression and complete inhibition by 20mM XE991 from cortical neurons of WT control and Kv7.2(S559A) mice. Voltage protocol (top), repre-
sentative voltage-clamp traces (middle), and relative M-current suppression (bottom) are shown. D, Representative voltage traces of current-clamp recording from cortical neurons of WT mice
showing action potential firing in response to 500 ms current injections during control, and in the presence of 1mM oxo-M and 10mM oxo-M. E, Summary of change in neuronal excitability of
wild-type cortical neurons in experiments shown in D. F, Representative voltage traces of current-clamp experiments from cortical neurons of Kv7.2(S559A) mice in the identical experiments
shown in D. G, Summary of change in neuronal excitability of Kv7.2(S559A) cortical neurons. Each data point represents different neuron. Results are shown as the mean 6 SEM. ns,
p. 0.05; *p, 0.01; **p, 0.01; ***p, 0.001.

Table 1. Summary of electrophysiological property of cortical neurons

WT Kv7.2(S559A)

Cell capacitance (pF) 44.06 3.6 (31) 46.36 4.0 (24)
Input resistance at �70 mV (MV) 2216 20.1 (31) 200.66 19.6 (24)
Standing current at �30 mV (pA) 362.46 50.0 (9) 328.76 32.0 (10)
XE991-sensitive current at �30 mV (pA) 90.56 24.6 (9) 71.26 11.1 (10)
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(PFA) in PBS. After overnight postfixation in 4% PFA, the brains were
sectioned into 30-mm-thick coronal slices on a vibratome (VT1200,
Leica). Immunohistochemistry was performed according to the free-
floating method as described previously (Kay et al., 2015; Greene et al.,
2018) with a rabbit polyclonal antibody against c-fos at 1:5000 dilution
(Ab-5, Calbiochem) and Cy3-conjugated goat anti-rabbit IgG antibody
at 1:500 dilution (Millipore). Immunofluorescent images were acquired
using a fluorescent light microscope (DM4000B, Leica) equipped with a
CCD camera (Optronics MicroFire, OPTMIF, Optronics). c-Fos-posi-
tive cells were defined as cells with four times stronger Cy3 fluorescent
signals above tissue background. Positive cells were identified using a bi-
nary filter function in MetaMorph (Molecular Devices).

Statistical analysis.Mann–Whitney test was used for two comparison
groups. Friedman test followed by Dunn’s multiple-comparisons test
was used for more than two comparison groups with repeated measures.
Two-way ANOVA followed by Tukey’s multiple-comparisons test was
used to evaluate effects of genotypes and treatments. All analyses were
two tailed, and the a value was set to 0.05 for significance. All statistical
calculations were performed using Prism 6 (GraphPad Software). Error
bars show the SEM.

Results
Cortical neurons from Kv7.2(S559A) mice showed normal
M-current density with decreased M-current suppression
and lack of neuronal hyperexcitation
To diminish M-current suppression in vivo, we generated Kv7.2
(S559A) knock-in mice as described in our previous study
(Greene et al., 2018). The mutation introduced in Kv7.2 is an ala-
nine substitution of serine 559, which is a conserved PKC phos-
phorylation acceptor residue critical for M-current suppression
(Fig. 1A,B; Hoshi et al., 2003, 2005; Kosenko et al., 2012; Greene
et al., 2018). Consistent with our previous findings in hippocam-
pal and sympathetic ganglion neurons (Greene et al., 2018), cort-
ical neurons from homozygous Kv7.2(S559A) knock-in mice
showed no detectable changes in I–V relationships (Fig. 1B), ba-
sic electrophysiological properties, and XE991-sensitive currents
(Table 1). XE991 is a selective inhibitor of Kv7 channels.

Next, we examined M-current suppression induced by a mus-
carinic agonist, oxotremorine-M (oxo-M) in cortical neurons
from homozygous Kv7.2(S559A) mice using voltage-clamp
recordings. M-current suppression induced by 0.3 mM oxo-M
was attenuated in cortical neurons from Kv7.2(S559A) mice (Fig.
1C; WT, n=8; Kv7.2(S559A), n= 10, Mann–Whitney test,
p=0.004), which was consistent with our previous study using
hippocampal and sympathetic ganglion neurons (Greene et al.,
2018). We examined modulation of neuronal excitability in cort-
ical neurons induced by oxo-M using current-clamp analyses.
Current-clamp recordings from wild-type mice showed inc-
reased neuronal firing when exposed to 1 or 10 mM oxo-M dur-
ing 500 ms depolarizing stimuli (Fig. 1D,E; n= 13, Friedman
statistic = 14.51, p= 0.0007). The 10 mM oxo-M could induce
spontaneous firing in wild-type cortical neurons (7 of 13 neu-
rons; Fig. 1D,E). Such change in neuronal excitability by oxo-M
was not observed in cortical neurons from Kv7.2(S559A) mice
(Fig. 1F,G; n=8, Friedman statistic = 0.30, p=0.89). Rather, 3 of
8 neurons showed complete suppression of action potential fir-
ing when 10 mM oxo-M was applied (Fig. 1G). These results sug-
gest that Kv7.2(S559A) mice have normal M-current with
attenuated neuromodulation.

Kv7.2(S559A) mice had normal exploratory behavior and
motor coordination
Since M-current suppression is implicated in various cognitive
functions, including learning and memory, we hypothesized that
attenuating M-current suppression by Kv7.2(S559A) mutation

would impair some cognitive processes. Since many behavioral
learning paradigms require normal exploratory behaviors and
motor functions, we first conducted open field and rotarod tests
to evaluate these functions. In open field tests, homozygous
Kv7.2(S559A) and wild-type littermate control mice showed
equivalent exploratory activities, as indicated by gradual habitua-
tion to an open field chamber (Fig. 2A; n= 12/genotype), total
travel distance (Fig. 2B; Mann–Whitney test, p=0.35), and time
spent exploring the center area of the chamber (Fig. 2C; Mann–
Whitney test, p= 0.22). In rotarod tests, Kv7.2(S559A) mice and
wild-type littermate controls showed similar latency to fall (Fig.
2D; n=10/genotype; Mann–Whitney test, p=0.17). These results
suggest that Kv7.2(S559A) mice have normal motor coordina-
tion and exploratory behaviors.

Kv7.2(S559A) mice had normal spatial memory and
contextual fear memory
To evaluate whether M-current suppression plays a role in spatial
memory, we performed a standard OLM task (Vogel-Ciernia
and Wood, 2014). Mice were placed in a context with two identi-
cal objects for 10min during the training session, and then tested
24 h later in the same context with one of the objects moved to a
novel location (Fig. 3A). Object location memory in this assay is
indirectly determined from the discrimination index, which is
defined as the time spent exploring the familiar object placed in
a new location over the total time exploring both objects. Both
Kv7.2(S559A) mice (n=11) and wild-type littermate control
mice (n=12) showed similar exploration during training (Fig.
3B; Mann–Whitney test, p= 0.45) as well as test sessions (Fig.
3C; Mann–Whitney test, p= 0.66). In addition, both Kv7.2
(S559A) and wild-type littermate control mice showed increased

Figure 2. Kv7.2(S559A) mice had normal exploratory behaviors and motor coordination.
A, Exploratory activity during 30 min in an open field chamber. B, Total distance traveled
during experiments shown in A. C, Ratio of the time spent in the center of the arena over
the time spent in the margins during a 5 min period in an open field chamber. D, Latency to
fall in rotarod test. Each data point represents a different animal. Results are shown as the
mean6 SEM, ns, p. 0.05.
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exploration of the object in a new location (Fig. 3D; Mann–
Whitney test, p=0.65).

Since spatial memory relies on the hippocampal function
(Phillips and LeDoux, 1992; Buzsáki, 2002; Broadbent et al.,
2004), we also tested the mice in the contextual fear-conditioning
task, which is another test commonly used to evaluate hippocam-
pal function (Anagnostaras et al., 2001; Brown and Aggleton,
2001). In the contextual fear-conditioning paradigm, a single
mild footshock (0.7mA, 2 s) was delivered to a mouse in a cham-
ber with a distinct context, and a freezing response was measured
when the mouse was put back into the same chamber 24 h later
(Fig. 3E; Anagnostaras et al., 2001; Maren, 2001; Wiltgen et al.,
2006). Kv7.2(S559A) mice showed similar freezing duration as
their wild-type littermates when placed into the testing chamber
(Fig. 3F; n=12/genotype; Mann–Whitney test, p= 0.19). Normal
performance of Kv7.2(S559A) mice in both object location

memory and contextual fear-conditioning
tasks suggest that M-current suppression
does not play a significant role in hippo-
campus-dependent memory processing.

Kv7.2(S559A) mice had impaired long-
term object recognition memory and
social odor recognition memory
Next, we tested another type of cognitive
function, namely the recognition mem-
ory, in Kv7.2(S559A) mice using the
object recognition task (Antunes and
Biala, 2012; Vogel-Ciernia et al., 2013). In
this test, mice were trained for 10min
with two identical objects in the testing
arena and tested with one familiar object
replaced with a novel object 90min after
training for short-term memory or 24 h
after training for long-term memory (Fig.
4A). Mice in all comparison groups (for
90min, n=6/genotype; for 24 h, n= 12/
genotype) showed similar total explora-
tion time during training (Fig. 4B; two-
way ANOVA; genotype: F(1,32) = 0.39,
p=0.54; treatment: F(1,32) = 0.42, p= 0.52;
interaction: F(1,32) = 0.12, p= 0.73), and

test sessions (Fig. 4C; two-way ANOVA; genotype: F(1,32) = 2.5,
p= 0.12; treatment: F(1,32) = 0.03, p=0.85; interaction: F(1,32) =
1.3, p=0.25). When tested 90min after training, Kv7.2(S559A)
and wild-type littermate mice spent significantly longer time on
the unfamiliar object, suggesting no deficits in the recognition of
objects and short-term object memory (Fig. 4D). However, when
the test was conducted 24 h after the training session, Kv7.2
(S559A) mice spent significantly less time exploring the novel
object compared with that of short-term retention tests or that of
wild-type mice (Fig. 4D; two-way ANOVA; genotype: F(1,32) =
10.2, p=0.003; treatment: F(1,32) = 18.77, p= 0.0001; interaction:
F(1,32) = 7.07, p= 0.01). These results suggest that Kv7.2(S559A)
mice have a deficit in long-term retention of object recognition
memory.

Figure 3. Kv7.2(S559A) mice had intact novel location recognition and contextual fear-conditioning memory. A, Schematic drawing showing the experimental design for object location tests.
B, Summary of total exploration time during a 10 min training session. C, Summary of total exploration time during 5 min test sessions. D, Summary of discrimination index in objection loca-
tion test. E, Schematic drawing showing the experimental design for contextual fear-conditioning tests. F, Summary of freezing reactions in fear-conditioning tests. Each data point represents
a different animal. Results are shown as the mean6 SEM. ns, p. 0.05.

Figure 4. Kv7.2(S559A) mice showed intact short-term retention but impaired long-term retention of object recognition
memory. A, Schematic drawing illustrating the object recognition test used. B, Summary of total exploration time during 10
min training session among short-term retention (90 min) and long-term retention (24 h) comparison groups. C, Summary
of total exploration time during 5 min test sessions. D, Summary of the discrimination index of the object recognition test
with short- and long-term retention times. Each data point represents a different animal. Results are shown as the mean6
SEM. ns, p. 0.05; ***p, 0.001.
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Since it has been shown that object recognition memory
relies on the function of the perirhinal cortex (Brown and
Aggleton, 2001; Suzuki, 2010), we next examined the perform-
ance of Kv7.2(S559A) mice in the long-term social odor recog-
nition task, which also requires the perirhinal cortex function
(Petrulis and Eichenbaum, 2003; Allen et al., 2007; Kholodar-
Smith et al., 2008; Feinberg et al., 2012). In this test, a mouse
was exposed to a wooden bead containing an odor of a
stranger mouse, N1, during the training session. At test ses-
sions, the trained mouse was exposed to two wooden beads,
one with the same odor from the training session (N1) and
another bead carrying the odor of a distinct stranger mouse
(N2; Fig. 5A). Because the transition between the perirhinal
cortex-independent short-term memory and the perirhinal
cortex-dependent long-term memory occurs between 20min
and 1 h in the social odor recognition test (Feinberg et al.,
2012), we tested 20min after training (n = 6/genotype) for
short-term retention and 24 h after training [n = 11 for WT
mice and n= 12 for Kv7.2(S559A) mice] for long-term reten-
tion of social odor recognition.

When tested 20min after training, Kv7.2(S559A) mice spent
more time exploring the wooden bead with the odor of the sec-
ond stranger mouse (N2; Fig. 5B). However, Kv7.2(S559A) mice
lost the preference for the second stranger mouse when tested 24
h later, while wild-type littermate controls maintained the prefer-
ence for the second stranger mouse (Fig. 5B; two-way ANOVA;
genotype: F(1,31) = 3.4, p=0.07; treatment: F(1,31) = 4.6, p= 0.04;
interaction: F(1,31) = 6.2, p= 0.02). Total exploration times were
not different among all test groups (Fig. 5C; two-way ANOVA;
genotype: F(1,31) = 0.013, p=0.91; treatment, F(1,31) = 4.0,
p=0.054; interaction: F(1,31) = 0.26, p= 0.62).

Because poor performance in odor recognition tasks can be
derived from a defective olfactory system, we tested olfactory
function with two types of odor-based tasks. The first task exam-
ined whether the mice could find hidden food under bedding
solely by olfactory cues. Kv7.2(S559A) mice could find food hid-
den with equivalent latency to that of the wild-type mice
[36.86 6.8 s for WTmice (n=8); 37.86 11.6 s for Kv7.2(S559A)
mice (n= 8), Mann–Whitney test, p=0.67]. The second task
examined whether the mice showed increased exploration of
wooden beads with new odors followed by a gradual decrease in
exploration time due to habituation. Both wild-type (n=6) and
Kv7.2(S559A) mice (n=6) showed a similar increase in explora-
tion when exposed to novel nonsocial and social odors with
rapid habituation with repetitive exposure (Fig. 5D; two-way
ANOVA; genotype: F(1,10) = 0.06, p=0.82; treatment: F(14,140) =
15.7, p, 0.0001; interaction: F(14,140) = 1.1, p=0.36). These
results indicate that Kv7.2(S559A) mice had normal olfactory
perception and recognition. In summary, these results suggest
that Kv7.2(S559A) mice had normal short-term object/odor rec-
ognition memory but had impaired long-term recognition
memory.

XE991 restored long-term object recognition memory when
administered during the memory consolidation phase
We reasoned that if a deficit in the memory of Kv7.2(S559A)
mice is attributed to attenuated M-current suppression, open-
channel inhibition of Kv7 channels should mimic M-current
suppression and restore affected memories. XE991 is a unique
inhibitor that inhibits neuronal Kv7 channels only in the open
conformation (Greene et al., 2017). Therefore, XE991 has negli-
gible effects on silent or inactive neurons that stay below the Kv7
channel activation threshold (Romero et al., 2004; Greene et al.,

2017). If facilitation of neuronal firing mediated by M-current
modulation is required for memory processing, open-channel in-
hibition of Kv7.2(S559A) channels in involved neurons should
compensate M-current suppression and restore the process (Fig.
6A). The administration of XE991 (2mg/kg) did not change ex-
ploration behavior during training (Fig. 6B–D; WT mice: veh,
n= 6; XE991, n=7; Kv7.2(S559A) mice: veh, n=7; XE991, n= 8;
two-way ANOVA, p. 0.05) or test sessions (Fig. 6E–G; two-way
ANOVA, p. 0.05). For object recognition memory, XE991
(2mg/kg) administration at pre-training improved the perform-
ance of Kv7.2(S559A) mice in the object recognition task with a
24 h retention equivalent to that of the wild-type littermate con-
trols (Fig. 6H; two-way ANOVA; genotype: F(1,24) = 19.45,
p= 0.0002; treatment: F(1,24) = 5.6, p=0.026; interaction: F(1,24) =
2.11, p= 0.16). Performance of the wild-type littermate controls

Figure 5. Kv7.2(S559A) mice had impaired long-term retention of social odor recognition
memory. A, Schematic drawing illustrating the social odor recognition test. B, Summary of
short-term (20 min) and long-term (24 h) retention of social odor recognition memory in WT
and Kv7.2(S559A) mice. C, Summary of total exploration times during test sessions. Each
data point represents a different animal. D, Summary of olfactory function test. Results are
shown as the mean6 SEM. ns, p. 0.05; **p, 0.01.
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was not affected by this dose of XE991 (Fig. 6H). Since the
administration of XE991 before training may affect both the ac-
quisition as well as the consolidation phase of memory forma-
tion, we tested the effect of XE991 administration immediately
after training (post-training) to test its effect on memory consoli-
dation phase alone (Fig. 6F,I). The administration of XE991
post-training restored long-term object recognition memory
inKv7.2(S559A) mice (Fig. 6I; two-way ANOVA; genotype:
F(1,28) = 36.8, p, 0.0001; treatment: F(1,28) = 12.7, p=0.0014;
interaction: F(1,28) = 16.7, p= 0.0003). We also tested the effect of
XE991 on memory retrieval by administration of XE991 15min
before the test session (pre-test; Fig. 6G,J). Pre-test administra-
tion of XE991 did not improve the performance of Kv7.2(S559A)
mice (Fig. 6J; two-way ANOVA; genotype: F(1,41) = 102.6,
p, 0.0001; treatment: F(1,41) = 0.28, p = 0.60; interaction: F(1,41)
= 0.48, p= 0.49). Performance of the wild-type littermate controls
was not affected regardless of the timing of XE991 administra-
tion (Fig. 6H–J; two-way ANOVA p. 0.05). We concluded that
M-current suppression is important for consolidation of object
recognition memory.

Training triggered intact c-Fos
induction in the hippocampus but
reduced c-Fos induction in the
perirhinal cortex in Kv7.2(S559A)
mice
Because Kv7.2(S559A) mice showed
intact object location memory and
impaired object recognition memory,
we questioned whether there were
differences in neuronal activation
between the hippocampus and the
perirhinal cortex. To address this
question, we used c-Fos induction as
an indicator of highly activated neu-
rons (Bullitt, 1990; Guzowski et al.,
2005). Since training sessions for
object location task and object recog-
nition task are identical, the induc-
tion of c-Fos can be compared in
these two brain regions in the same
mouse. Mouse brains were collected
2 h after training sessions (n=8
per genotype, n= 9 for home cage
control) and c-Fos induction was
detected by immunostaining (Fig. 7).
In the hippocampus, the number of
c-Fos-induced cells were increased to
a similar extent in both genotypes
(Fig. 7A,B; two-way ANOVA; geno-
type: F(1,30) = 0.21, p= 0.65; treat-
ment: F(1,30) = 94.95, p, 0.0001;
interaction: F(1,30) = 0.002, p= 0.97).
In addition, post-training adminis-
tration of XE991 had no further
effects on c-Fos induction (Fig. 7C;
n= 6/group, two-way ANOVA, p .
0.05).

In contrast, c-Fos induction in the
perirhinal cortex of Kv7.2(S559A)
mice was significantly lower than that
of wild-type control mice after train-
ing (Fig. 7D,E; two-way ANOVA;
genotype: F(1,30) = 20.5, p, 0.0001;
treatment: F(1,30) = 111.0, p, 0.0001;

interaction: F(1,30) = 23.7, p, 0.0001). Similar to our behavioral
results, post-training administration of XE991 restored c-Fos induc-
tion in the perirhinal cortex of Kv7.2(S559A) mice to the normal
level (Fig. 7F; two-way ANOVA; genotype: F(1,20) = 1.07, p=0.31;
treatment: F(1,20) = 14.37, p=0.001; interaction: F(1,20) = 6.1,
p=0.02). These results suggest that M-current suppression plays an
important role in the regulation of post-training firing of neuronal
circuits involving the perirhinal cortex during memory consolida-
tion but not in the hippocampus.

Discussion
We demonstrated that neurons from Kv7.2(S559A) mice showed
not only attenuated M-current suppression, but also a lack of
neuronal hyperexcitability when muscarinic receptors were
stimulated. Since the discovery of the M-current, it has been well
established that M-current suppression correlates well with the
increase in neuronal excitation induced by muscarinic stimula-
tion (Brown and Adams, 1980; Delmas and Brown, 2005).

Figure 6. Pharmacological rescue of long-term retention of object recognition memory by XE991 and its effective time window.
A, Schematic drawing showing three types of administration schedules of XE991 (XE; 2 mg/kg) during object recognition tests. B–
D, Summary of total exploration times during training sessions for WT and Kv7.2(S559A) mice with injection of PBS veh control or
XE991 at pre-training (B), post-training (C), or pre-test (D). E–G, Summary of total exploration times during test sessions of WT
and Kv7.2(S559A) mice with the injection of veh control or XE991 at pre-training (E), post-training (F), or pre-test (G). H–J,
Performance in novel object recognition task as discrimination indexes in WT and Kv7.2(S559A) mice with injection of veh control
or XE991 at pre-training (H), post-training (I), or pre-test (J). Each data point represents a different animal. Results are shown as
the mean6 SEM. ***p, 0.001; *p, 0.05; ns, p. 0.05.
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However, whether this is the causal mechanism for hyperexcitability
was not very clear due to lack of tools. Our results provide empiri-
cal evidence for the dominant role of M-current suppression
on neuronal activation by muscarinic receptor stimulation.
Excitatory designer receptors exclusively activated by designer
drugs (DREADDs) use modified muscarinic receptors that cou-
ple to Gq-protein to artificially activate neurons, which has
increasingly been used in recent years without the identification
of activation mechanisms (Urban and Roth, 2015). Since non-
selective activation of muscarinic receptors by oxo-M did not
trigger neuronal firing in neurons from Kv7.2(S559A) mice, M-
current suppression is likely the underlying mechanism
for the activation of neurons by the excitatory DREADDs
technology.

The cholinergic system in the brain, especially in the hippo-
campus, is known to have a significant role in memory encoding
and synaptic plasticity (Hasselmo, 2006; Dennis et al., 2016).
Therefore, we were surprised to find that performance in two
hippocampus-dependent learning tasks, object location memory
task and contextual fear conditioning, remained intact in Kv7.2
(S559A) mice. One potential explanation would be that other
cholinergic actions such as those mediated by nicotinic receptors
or muscarinic modulation of neurotransmitter release, rather
than M-current suppression, may play a major role in hippo-

campus-dependent memory formation (Seeger et al., 2004;
Hasselmo, 2006; Kremin et al., 2006; Picciotto et al., 2012). It
would also be possible that these other mechanisms may
compensate for S559A mutation in these knock-in mice in the
hippocampus. However, this possibility is unlikely because hip-
pocampal activation during pilocarpine-induced seizures is dras-
tically reduced in Kv7.2(S559A) mice (Greene et al., 2018),
which suggests that the effects of Kv7.2(S559A) mutation remain
even in severe seizures.

On the other hand, we found that Kv7.2(S559A) mice showed
defective long-term object recognition memory. Pharmacological
rescue of impaired object recognition memory by a selective Kv7
channel inhibitor, XE991, suggests that this deficit is derived from
insufficient M-current suppression. Our c-Fos experiments also
support our hypothesis of reduced neuronal activity in the perirhi-
nal cortex, the key brain area implicated in long-term object recog-
nition memory processing. Since the neural circuit for object
recognition memory involves multiple brain regions (Balderas et al.,
2008), further study is required to determine the exact site of action
for M-current suppression. A recent study of whole-brain mapping
of cholinergic neurons may provide some insights (Li et al., 2018).
The study shows that intracortical cholinergic neurons have local
projections, while basal forebrain cholinergic neurons show long-
distance axons with distinct clusters of projections: one category

Figure 7. c-Fos immunostaining showing the hippocampus and the perirhinal cortex. A, Coronal brain sections showing c-Fos induction in the hippocampus from WT and Kv7.2(S559A) mice
from control, 2 h after training, and 2 h after training with post-training administration of XE991 (Training1XE991). Magenta shows signal of c-Fos staining and white/green shows pixels that
exceeded 4� tissue background used to determine c-Fos-positive cells. Scale bar, 200mm. B, Summary of c-Fos-positive cell number in the hippocampus without training (control) and after
training. C, Summary of c-Fos-positive cell numbers showing effects of post-training administration of XE991 in the hippocampus. The veh control and XE991 (XE) are indicated. D, Coronal brain
sections showing c-Fos induction in the lateral cortex area surrounding the perirhinal cortex. The rhinal fissure is indicated by arrowheads. Schematic drawing showing cortical structures sur-
rounding the rhinal fissure is shown at the bottom. ECT, Ectorhinal area; PERI, perirhinal area; ENTI, entorhinal area. Scale bar, 200mm. E, Summary of c-Fos-positive cell numbers in the perirhi-
nal cortex in control and after training. F, Summary of c-Fos-positive cell numbers in the perirhinal cortex showing the effects of post-training administration of XE991. Each data point
represents a different animal. Magenta symbols in scatter plots indicate data shown in panel A & D. Results are shown as the mean6 SEM. *p, 0.05; **p, 0.01; ***p, 0.001; ns, p. 0.05.
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projects to areas including the hippocampus and the entorhinal cor-
tex, and another category projects to areas including olfactory areas,
medial prefrontal cortex, and the perirhinal cortex (Li et al., 2018).
Interestingly, projections to the hippocampus and the perirhinal
cortex are mediated by distinct groups of neurons (Li et al., 2018).
Distinct combinations of hyperexcitability in multiple brain regions
mediated by M-current suppression would provide distinct contri-
bution to different aspects of cognitive processes.

XE991 and its prototypical analog linopirdine were originally
discovered as cognitive enhancers before they were identified as
Kv7 channel inhibitors (DeNoble et al., 1990; Brioni et al., 1993).
Linopirdine has been shown to improve experimental amnesias
(DeNoble et al., 1990; Brioni et al., 1993; Fontana et al., 1994).
Interestingly, linopirdine improves cognitive impairment caused
by hypoxia or cholinergic dysfunction, but does not enhance
cognition in healthy animals (Fontana et al., 1994; Flagmeyer
and Van Der Staay, 1995). This difference may be attributed to
open-channel inhibition of Kv7 channel, which can enhance
impaired neuronal activity to a level sufficient for processing in-
formation, while having no effects in healthy brains because neu-
ronal activity is already in an optimal range.

In summary, we identified a key role for M-current suppres-
sion in memory consolidation of object recognition memory. In
contrast, M-current suppression appeared to not be required for
hippocampus-dependent memory formation. Further studies
will be necessary to determine the extent of what types of mem-
ory processing M-current suppression is involved in, and how
exactly M-current suppression is regulating gene expression that
is required for memory consolidation. Overall, the results shown
here suggest a highly specific role for M-current suppression in
specific forms of memory formation.
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