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Abstract

Anti-seizure drug (ASD) targets are widely expressed in both excitatory and inhibitory neurons. 

It remains unknown if the action of an ASD upon inhibitory neurons could counteract its 

beneficial effects on excitatory neurons (or vice versa), thereby reducing the efficacy of the 

ASD. Here, we examine whether the efficacy of the ASD retigabine (RTG) is altered after 

removal of the Kv7 potassium channel subunit KCNQ2, one of its drug targets, from parvalbumin-

expressing interneurons (PV-INs). Parvalbumin-Cre (PV-Cre) mice were crossed with Kcnq2-

floxed (Kcnq2fl/fl) mice to conditionally delete Kcnq2 from PV-INs. In these conditional knockout 

mice (cKO, PV-Kcnq2fl/fl), RTG (10 mg/kg, i.p.) significantly delayed the onset of either 

picrotoxin (PTX, 10 mg/kg, i.p)- or kainic acid (KA, 30mg/kg, i.p.)-induced convulsive seizures 

compared to vehicle, while RTG was not effective in wild-type littermates (WT). Immunostaining 

for KCNQ2 and KCNQ3 revealed that both subunits were enriched at axon initial segments (AISs) 

of hippocampal CA1 PV-INs, and their specific expression was selectively abolished in cKO 

mice. Accordingly, the M-currents recorded from CA1 PV-INs and their sensitivity to RTG were 

significantly reduced in cKO mice. While the ability of RTG to suppress CA1 excitatory neurons 

in hippocampal slices was unchanged in cKO mice, its suppressive effect on the spike activity of 

CA1 PV-INs was significantly reduced compared with WT mice. In addition, the RTG-induced 
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suppression on intrinsic membrane excitability of PV-INs in WT mice was significantly reduced 

in cKO mice. These findings suggest that preventing RTG from suppressing PV-INs improves its 

anticonvulsant effect.
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Introduction

The primary targets of most anti-seizure drugs (ASDs) generally fall into four major 

categories: (1) voltage-gated sodium channels; (2) voltage-gated calcium channels; (3) 

ionotropic receptors for neurotransmitters (γ-aminobutyric acid and glutamate); and (4) 

newer molecular targets including the synaptic vesicle protein SV2A and Kv7/KCNQ 

potassium channels (Rogawski, 2013). It is well known that these drug targets are not 

specifically confined to excitatory neurons; instead, they are widely expressed across 

distinct cell types in numerous brain regions, including inhibitory interneurons. Despite 

constituting a relatively small neuronal population, inhibitory interneurons exert diverse, 

powerful modulatory influences on excitatory neurons and circuit behavior. It remains an 

open question whether ASD action upon inhibitory neurons may counteract their beneficial 

effects on excitatory neurons (or vice versa), thereby reducing the efficacy of the ASD.

Retigabine (RTG) is a first-in-class ASD, and the primary mechanism for its anti-seizure 

effect is to suppress neuronal excitability by promoting the open state of a subfamily 

of voltage-gated potassium channels formed by KCNQ2-KCNQ5 subunits (Kv7 family), 

encoded by Kcnq2-Kcnq5 (Gunthorpe et al., 2012; Main et al., 2000). Kv7 potassium 

channels are expressed in both excitatory neurons and GABAergic interneurons, including 

parvalbumin-expressing interneurons (PV-INs) (Cooper et al., 2001; Fidzinski et al., 2015, 

p. 5; Lawrence et al., 2006). To directly examine how RTG’s simultaneous effects on 

inhibitory interneurons contribute to its overall efficacy, we selectively deleted Kcnq2 from 

PV-INs (Soh et al., 2014), a major population of GABAergic inhibitory interneurons in 

the cortex (DeFelipe et al., 2013). We then tested whether the sensitivity to RTG in 

suppressing chemoconvulsant-induced seizures could be altered in these conditional KO 

mice (cKO). We also determined how the effects of RTG on intrinsic and evoked firing 

properties of both excitatory neurons and PV-INs in the hippocampus CA1 area were 

changed in cKO mice in vitro. While RTG was not effective in preventing seizures in 

two models of chemoconvulsant-induced seizures in wild type mice (WT), we found that 

RTG became effective in preventing seizures in cKO mice. In vitro, RTG suppressed 

the excitability of both pyramidal neurons and PV-INs in WT mice, but their effects on 

PVs-INs were selectively decreased in cKO mice where Kcnq2 was conditionally removed 

from PV-INs. These findings suggest that RTG was more effective in preventing seizures 

when its suppressive effects on inhibitory neurons were selectively blunted, warranting the 

development of cell-type specific ASDs as an important avenue for future investigation.
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Materials and Methods

Animals

All experiments were performed according to the guidelines of the Institutional Animal Care 

and Use Committee of Baylor College of Medicine. Parvalbumin-Cre (PV-Cre)/Ai9 mice 

(crossing PV-Cre mice with Ai9 stop-floxed mice, Jackson Laboratory Stock #008069 and 

#007909, respectively), a line shown to have recombination in >90% of cells expressing 

parvalbumin (Hippenmeyer et al., 2005), were crossed with Kcnq2-floxed mice (Kcnq2fl/fl) 

(Soh et al., 2014) to generate conditional knockout (cKO, PV-Kcnq2fl/fl) mice with PV-INs 

labeled with the red fluorescent protein tdTomato on a C57BL6/J background. Mice were 

group-housed in cages with a natural light-dark cycle and access to a standard pellet diet and 

water ad libitum. All mice were between postnatal day (P) 30–45 at the time of experiments. 

Genotype was blinded to investigators prior to analysis. For all experiments, both male and 

female mice were used, with no significant differences found between groups; therefore, 

data was pooled together. If necessary, mice were euthanized by CO2 inhalation (SmartBox, 

Euthanex, Palmer, PA).

In vivo EEG monitoring

Mice were treated with meloxicam (5 mg/kg, Henry Schein Veterinary) and local injection 

of 50 μL of 2% lidocaine (Henry Schein Veterinary) before being anesthetized with 

isoflurane (2–4% in O2; Henry Schein Veterinary). Mice were surgically implanted with 

bilateral epidural silver wire electrodes over the somatosensory cortex (1 mm posterior and 

3 mm lateral to bregma) and frontal cortex (1 mm anterior and 1 mm lateral to bregma) 

(Maheshwari et al., 2013). Reference and ground electrodes were placed over the left 

and right cerebellum, respectively. Implanted mice received daily meloxicam (5 mg/kg) 

injections for 3 days following surgery. Mice were allowed to recover for at least 2 days 

prior to recording (Soh et al., 2018). Freely moving mice were video-EEG monitored 

(AD Instruments), and power was analyzed and compared between groups as previously 

described, with left and right frontal electrodes re-referenced to left and right parietal 

electrodes, respectively (Maheshwari et al., 2017). The EEG power spectra were estimated 

using the spectral analysis function (spectropo()) in EEGLab (Delorme and Makeig, 2004). 

Absolute power (AP) was output between 2 and 200 Hz with a window size of 8 s and a 

window overlap of 6 s. Relative power (RP) was calculated by dividing the absolute power 

values for each frequency by the total power (TP; 2–200 Hz), and then normalized with a 

log transformation before comparison between mice (RP = AP/TP) as previously described 

(Maheshwari et al., 2017). Power between hemispheres was then averaged before comparing 

between WT and cKO mice.

Drugs

Kainic Acid (KA; Santa Cruz Biotechnology) was dissolved in phosphate-buffered saline 

(PBS; Gibco, Life Technologies), and retigabine (RTG; Alomone Labs, Inc) and picrotoxin 

(PTX; Tocris) were first dissolved in dimethyl sulfoxide (DMSO) prior to being diluted to 

1% volume/weight in PBS.
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Seizure Monitoring

Mice were treated with RTG 15 minutes prior to PTX or KA injection (RTG and PTX at 

10 mg/kg; KA at 30mg/kg, i.p.), starting between 9:00–11:30 am to prevent confounding 

diurnal variation, similar to how retigabine was administered to prevent seizures in its 

original preclinical efficacy studies (Rostock et al., 1996). Seizures were defined based 

on the Racine scale with the following stages: 0 - no abnormality; 1 - mouth and facial 

movements; 2 - head nodding; 3 - forelimb clonus; 4 - rearing; 5 - rearing and falling 

(Makinson et al., 2014; Racine, 1972; Soh et al., 2014). For the PTX experiments, control 

mice either received no injection or received the vehicle injection (DMSO in PBS) prior to 

PTX administration. There was no significant difference in induced seizure latency between 

two cohorts of mice (vehicle injection (n=21) vs no injection (n=38)), so these mice were 

grouped together as ‘control’ mice. For the KA experiments, control mice received the 

injection of PBS alone.

Behavioral Testing

Three behavioral tests were performed over a 3-day period. Mice were randomized to 

perform either the Tail Suspension Test or the Heat Sensitivity Test on Day 1, followed by 

the alternate test on Day 2. Mice underwent training for the Balance Beam Assay on both 

Day 1 and Day 2 prior to final testing on Day 3 as detailed below. The Tail Suspension 

Test was utilized to quantify depressive behaviors as previously described (Can et al., 2012). 

Briefly, the tail was attached to a suspension bar at a height of 50 cm for six minutes. The 

total time spent mobile or exhibiting escape behaviors was recorded. The Heat Sensitivity 

Test was utilized to assess response to painful stimuli (Deuis et al., 2017; Moqrich et al., 

2005). Unrestrained mice were placed on a heating pad at 55°C and the time until the onset 

of nocifensive behaviors was recorded. Finally, the Balance Beam Assay was utilized to 

evaluate motor balance and coordination (Luong et al., 2011). A flat, plexiglass beam (12.7 

mm x 6.35 mm x 90 cm) was placed at 50 cm elevation with an aversive light stimulus 

placed atop the beginning end of the beam. During the first two days of training, each 

mouse crossed both the 12.7 mm width beam and 6.35 mm width beam three times. On the 

third day, the time taken to cross the center 75 cm of the beam during the two continuous 

crossings was determined and averaged (Luong et al., 2011). Comparison between groups 

for behavioral tests was performed with the Mann-Whitney U-test.

Immunohistochemistry

For KCNQ2 detection in fluorescent-positive PV-INs (expressing tdTomato), we followed 

a modified fluorescence immunohistochemistry (IHC) protocol (Battefeld et al., 2014). Of 

note, 2% paraformaldehyde (PFA) was empirically found to be optimal in preserving both 

tdTomato and Kcnq2 immunostaining signals; higher concentrations of PFA limited the 

detection of KCNQ2 staining (Pan et al., 2006), while lower concentrations limited the 

detection of tdTomato staining. Mice were perfused transcardially with 20 mL PBS followed 

by 20 mL of 2% PFA. The brain was then removed, post-fixed in 2% PFA for 30 minutes, 

and then suspended in 30% sucrose in PBS overnight. 20 μm sagittal sections were then cut 

on a cryotome, incubated first overnight with mouse anti-ankyrin-G (AnkG) (Rasband et al., 

1999) (Sigma, #S8809) and rabbit anti-KCNQ2 (Cooper et al., 2001) as primary antibodies, 

Jing et al. Page 4

Exp Neurol. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



followed by Alexa-Fluor goat anti-mouse 647 and goat anti-rabbit Alexa-Fluor 594 (Life 

Technologies) as secondary antibodies for one hour. Slices were then incubated in Prolong 

Gold Antifade with 4′,6-diamidino-2-phenylindole (DAPI) prior to imaging with either 

wide-field or confocal microscopy. Co-localization between KCNQ2 and AnkG signals was 

quantified by identifying AIS segments with AnkG expression for at least 20 μm (Höfflin et 

al., 2017) with either the presence or absence of coexpression with KCNQ2.

To detect KCNQ3 in PV-INs, a different IHC protocol was used given poor visualization of 

KCNQ3 with its antibody on 2% PFA-fixed tissue, as previously described (Battefeld et al., 

2014; Pan et al., 2006). Briefly, PV-INs were filled with Alexa-Fluor 488 during whole-cell 

recording. After the recording, the brain slices were immediately fixed with methanol at 

−20 °C for 20 minutes. Slices were then washed with PBS, blocked with non-fat milk, and 

incubated overnight with mouse anti-AnkG (Sigma, #S8809) and guinea pig anti-KCNQ3 

(Devaux et al., 2004) as primary antibodies, followed by Alexa-Fluor goat anti-mouse 647 

and goat anti-guinea pig Alexa-Fluor 594 (Life Technologies) as secondary antibodies for 

one hour. Slices were then incubated in DAPI prior to imaging with either wide-field or 

confocal microscopy. For all IHC studies, at least 4 mice from each genotype were used.

Slice Preparation and Electrophysiology

Slice preparation from the mouse hippocampus followed an N-Methyl-D-glucamine 

(NMDG) slicing protocol (Jiang et al., 2015; Ting et al., 2014). Briefly, mice between P30–

33 were deeply anesthetized using 3% isoflurane and immediately decapitated. The brain 

was then immediately removed from the skull and placed into a cold (0−4 °C) oxygenated 

NMDG solution. Parasagittal slices (300 μm) were cut with a vibratome (VT1200, Leica). 

The slices were incubated at 34.0±0.5 °C in oxygenated NMDG solution for 10–15 minutes 

before being transferred to an artificial cerebrospinal fluid solution (ACSF) containing: 125 

mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 1 mM MgCl2, 25 mM 

glucose and 2 mM CaCl2 (pH 7.4) for about 1 h. The slices were then incubated at room 

temperature for ~0.5−1 h before recording.

Whole-cell recordings were performed as described previously (Greene et al., 2017; Jiang 

et al., 2015, 2013; Robbins et al., 2013; Varghese et al., 2021). Briefly, patch pipettes (5−7 

MΩ) were filled with an internal solution containing 120 mM potassium gluconate, 10 

mM HEPES, 4 mM KCl, 3 mM EGTA, 4 mM MgATP, 0.3 mM Na3GTP, 10 mM sodium 

phosphocreatine and 0.5% biocytin (pH 7.25). Whole-cell recordings of CA1 neurons were 

performed using Quadro EPC 10 amplifiers (HEKA). In many cases, multiple cells were 

recorded simultaneously (multi-patch recording) in the same slice to improve efficiency in 

data collection (Jiang et al., 2015, 2013). The spiking activity of each neuron in response to 

increasing current steps or ramp current injections (120 pA/s) was recorded with or without 

bath application of RTG (10 μM). Recorded neurons were filled with biocytin and then fixed 

for post hoc morphological recovery to further confirm cell identity (Jiang et al., 2015).

We followed a standard protocol to isolate M-currents (IM) from hippocampal neurons 

(Lawrence et al., 2006; Shah et al., 2002; Soh et al., 2014). Briefly, cells were first clamped 

at −20 mV, and then a 1 s long, −30 mV step was introduced every 15 s (Fig. 5). The IM 

amplitude was measured from the deactivation relaxation at −50 mV (Fig. 5) (Soh et al., 

Jing et al. Page 5

Exp Neurol. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2014). After obtaining a 5 min baseline, the Kv7 channels agonist retigabine (RTG) (10 μM) 

was added to the bath and the changes in IM and the holding current (Ihold) were recorded.

Statistical Analysis

All statistical analyses for in vivo studies, immunohistochemical analysis, and in vitro 
studies comparing WT to cKO mice were performed in GraphPad Prism, v9.3.1 

(California, United States). Comparisons for developmental weight, relative power, in 
vitro measurements (including M-current, action potentials, resting membrane potential, 

and rheobase) were performed with a repeated measures 2-way ANOVA with Holm-Sidak 

post-hoc tests. Comparisons for behavioral testing were performed with Mann-Whitney 

U-tests. To evaluate the relative survival of mice and the latency to Stage 5 seizures, the 

Gehan-Breslow test was performed. Comparisons between the distributions of latency to 

onset of seizure stages for the subsets of mice that reached each stage were performed 

with Kruskal-Wallis tests with Dunn’s post-hoc tests. Proportions of mice that survived after 

exposure to either PTX or KA, with or without retigabine pre-treatment, were compared 

with Chi-square tests.

Results

Increased anti-seizure efficacy of RTG in conditional KO mice (cKO, PV-Kcnq2fl/fl)

Conditional KO mice (cKO, PV-Kcnq2fl/fl) exhibited normal outward appearance and 

growth throughout development (Fig. 1A, B). Spontaneous seizures were never observed 

in either genotype. Mortality up to 6 weeks of age was also not different between genotypes 

(Fig. 1C). WT and cKO mice had no significant difference in EEG spectral power (n = 5 

for each group, Fig. 1D) recorded over bilateral frontoparietal regions. Finally, there were 

no differences in performance on the tail suspension, heat sensitivity, and balance beam tests 

(n = 9–12 per group, p > 0.05, Fig. 1E–G). Altogether, these findings demonstrate that the 

baseline phenotype of cKO mice was largely unchanged.

We first used a picrotoxin (PTX) seizure induction model to test if the anti-seizure efficacy 

of retigabine (RTG), an ASD targeting KCNQ2-containing channels, could be altered in 

cKO mice where KCNQ2 was selectively removed from PV-expressing interneurons (PV-

INs), a major group of GABAergic interneurons. PTX-induced seizure semiology in cKO 

mice was similar to that seen in their WT littermates, including rapid behavioral progression 

to characteristic Racine Stage 5 rearing and falling (Soh et al., 2018). We were not able 

to reliably identify Stage 1–4 Racine Stages, so here we reported only latency to Stage 

5 for the PTX experiments. cKO mice had a shorter latency to Stage 5 seizure onset 

with PTX challenge than WT littermates (Fig. 2A,2B), as seen previously (Soh et al., 

2018). Administration of RTG (10 mg/kg, i.p.) 15 minutes before PTX injection resulted 

in no significant difference in latency to seizure onset in WT mice when compared to 

control (p = 0.405, Gehan-Breslow test, Fig. 2A). In contrast, RTG pretreatment in cKO 

mice significantly delayed the seizure onset in cKO mice (Fig. 2B), indicating that the 

selective removal of KCNQ2 from PV-INs could improve RTG’s anti-seizure efficacy in 

PTX-induced seizures. In addition, when only those mice which developed Stage 5 seizures 

were included in the analysis, the latency to seizure onset was found to be significantly 
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increased in cKO but not WT mice by RTG pretreatment (Fig. 2I, Kruskal-Wallis test with 

Dunn’s post-hoc tests).

We then used intraperitoneal kainic acid (KA), another chemoconvulsant with a different 

induction mechanism, to test if the improved anti-seizure efficacy of RTG in cKO mice 

was independent of the seizure model. Aligned with findings from the PTX model, cKO 

mice had a significantly lower threshold to KA-induced seizures (p < 0.001, Gehan-Breslow 

Test). In WT mice, administration of RTG (10mg/kg, i.p.) 15 minutes prior to KA injection 

(30mg/kg, i.p.) resulted in a significantly shorter latency to seizure onset compared to 

vehicle-injected mice (p < 0.05, Gehan-Breslow test, Fig. 2C). In contrast, RTG injection 

in cKO mice significantly increased seizure latency compared to vehicle-injected controls 

(p = 0.040, Fig. 2D), indicating that conditional KO could improve RTG’s anti-seizure 

efficacy with KA-induced seizures as well. When only those mice with Stage 5 seizures 

were included in analysis, RTG still significantly increased the latency in cKO mice, but 

not in WT mice (Fig. 2J, Kruskal-Wallis test). With KA-induced seizures, Stages 1–4 were 

more reliably identified on video review than with PTX-induced seizures and we thus 

compared the latency to the onset of each seizure stage (Stages 1–4) with or without RTG 

treatment. There was a significantly increased latency to onset only with Stage 2 seizures 

(head nodding) in cKO mice after RTG administration compared to cKO mice with saline 

administration (Fig S1A–D). In addition, there was no difference in the distribution of 

Racine stages over time in WT mice with RTG pretreatment compated to control. However, 

in cKO mice, Racine stage was significantly reduced 20–40 minutes after KA administration 

by RTG pretreatment (Fig S1E–F). Altogether, these findings are consistent with the 

increased latency to Stage 5 seizures in cKO, but not WT mice by RTG pretreatment. Of 

note, PTX- and KA- induced mortality was not significantly different with RTG treatment in 

either genotype, but there was a trend toward improvement in cKO mice (Fig S2).

Selective loss of KCNQ2 and KCNQ3 expression at AISs of PV-INs in cKO mice

To confirm KCNQ2 was specifically lost from PV-INs in cKO mice, we performed 

immunostaining for KCNQ2 and KCNQ3 in the hippocampus and neocortex and 

imaged their signals in the neurons with wide-field and confocal microscopy. We 

also simultaneously labeled the axon initial segment (AIS) of PV-INs with AnkG 

immunostaining (see Methods). Labeling of AIS in PV-INs was achieved with the least 

ambiguity in stratum oriens and stratum radiatum in the hippocampal CA1 (Fig. 3A, B). In 

WT mice, CA1 PV-INs had KCNQ2 immunostaining particularly enriched in the distal AIS, 

overlapping with AnkG (Fig. 3A, C–E). In cKO mice, CA1 PV-INs showed no detectable 

KCNQ2 signals, consistent with the selective removal of KCNQ2 from PV-INs in these 

transgenic mice (Fig. 3B, F–H).

KCNQ2 immunostaining was also particularly enriched at the distal AIS in WT PV-INs in 

the neocortex (Fig. S3A–D), and absent from PV-INs in cKO mice (Fig. S3E–H). In WT 

mice (n=4), 175 out of 177 (99.7 ± 0.003%, mean ± SEM) AISs (positive for AnkG) counted 

from non-PV-INs were positive for KCNQ2 (KCNQ2+). In PV-INs, all of the counted AISs 

(9 out of 9; 100%) were KCNQ2+. In cKO mice (n = 5), almost all AISs (271 of 277; 98.3 

± 0.008%) counted from non-PV-INs remained KCNQ2+, but all AISs from PV-INs were 
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devoid of KCNQ2 (0%; 0/15), confirming the selective abolishment of KCNQ2 expression 

in PV-INs in cKO mice.

Given the extensive colocalization of KCNQ2 and KCNQ3 (Pan et al., 2006; Soh et al., 

2014) and the sensitivity of KCNQ3-containing channels to RTG (Wang et al., 2018), 

we also imaged the AISs of PV-INs from WT and cKO mice after immunostaining for 

KCNQ3. In WT, KCNQ3 immunostaining was observed in the distal AISs of both CA1 

PV-INs and non-PV-INs neurons (n = 4 AISs in 4 WT mice, Fig. 4A–D). In cKO mice, 

KCNQ3 immunostaining was absent in PV-IN AISs (n = 4 AISs in 4 cKO mice, Fig. 

4E–H), but remained detectable in neighboring non-PV-INs neurons, which were most 

likely CA1 pyramidal neurons (Fig. 4E–H). These findings suggest that the KCNQ2 and 

KCNQ3 subunits at WT PV-IN AISs form heteromeric channels, and that the KCNQ3 

ankyrin-binding domain, though sufficient to target KCNQ3 to the AIS in vitro (Pan et al., 

2006; Rasmussen et al., 2007), may lack this ability in the absence of KCNQ2 subunits in 
vivo.

Decrease of M-currents and their sensitivity to RTG on PV-INs in cKO mice

KCNQ2/3-containing potassium channels are the major Kv7 channels mediating M-current 

(IM) in hippocampal neurons (Lawrence et al., 2006; Shah et al., 2002; Soh et al., 2014). 

Given our immunostaining results shown above, we expected that the M-currents in PV-INs 

would be significantly reduced in cKO mice, and the enhancing effect of RTG, an ASD 

known to promote the open state of KCNQ2/3-containing Kv7 channel (Gunthorpe et al., 

2012; Main et al., 2000), on the M-currents would be blunted in cKO mice as well. To 

confirm these, we performed patch-clamp recordings on CA1 PV-INs to isolate the IM from 

these neurons. In WT PV-INs, the amplitude of IM at the baseline condition was 12.2 ± 

1.9 pA, which could be significantly enhanced by the application of RTG at 10 μM (30.9 

± 3.9 pA, p < 0.001, n = 12 from three mice). RTG also increased the holding current 

with the voltage clamped at −20 mV in WT PV-INs (Fig. 5B; prior: 606 ± 65pA; post: 

716 ± 69pA; p < 0.01, n = 12). In cKO PV-INs, the amplitude of IM induced with the 

same protocol was significantly smaller than WT (7.7 ± 1.0 pA; p = 0.03, n = 12 from 

three mice), consistent with our previous study (Soh et al., 2014). Importantly, the IM in 

cKO mice lost the sensitivity to 10 μM RTG (Fig. 5A, C, right, n = 12 from three mice). 

There was a significant drug × genotype interaction on IM current (F = 24.1, p < 0.01). In 

addition, RTG had a smaller effect on Ihold from cKO PV-INs compared to WT, and there 

was a significant drug × genotype interaction on Ihold (Fig. 5B; F = 6.9, p < 0.05). All these 

results confirmed that the current component carried by KCNQ2/3-containing channels was 

significantly decreased by gene knockout.

Suppression of PV-INs by RTG was selectively blunted in cKO mice

Given the above results, we reasoned that RTG could suppress the excitability of WT 

PV-INs, but this suppressive effect was selectively blunted in these neurons from cKO mice 

(Grigorov et al., 2014, p. 7; Paz et al., 2018). We thus performed patch-clamp recordings 

on both CA1 pyramidal cells (PC) and PV-INs (Fig. 6) to test if there was any selective 

change for PV-INs in their responses to RTG in cKO mice compared to PCs. Cell responses 

to depolarizing current steps were recorded, and the number of action potentials (APs) was 
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plotted as a function of the injected current (AP-I curve; Fig. 6B–C). Consistent with our 

previous findings (Soh et al., 2018), the AP-I curve of PV-INs in cKO shifted left compared 

to WT when injected currents were increasing, indicating the enhanced excitability of 

PV-INs in the absence of Kcnq2 (Fig. 6D; n = 19 PV-INs from 4 WT mice; n = 18 PV-INs 

from 4 cKO mice). AP threshold for PV-INs was not significantly different between the two 

genotypes (Suppl. Table, p > 0.05), suggesting Kv7 channels exert no prominent effect on 

AP threshold. Bath application of RTG (10 μM) for 10 min significantly reduced the number 

of APs in response to the suprathreshold current steps in WT PV-INs (Fig. 6C, p < 0.01). 

In cKO PV-INs, while RTG still suppressed the number of APs in response to some current 

injections, the suppressive effect of RTG was significantly smaller in cKO mice (Fig. 6C, 

gene x drug interaction: F = 4.3, p < 0.05). Importantly, as expected in CA1-PCs, there were 

no significant differences in AP-I curves between WT and cKO (Fig. S4, n = 19 PCs from 

3 WT mice; n = 21 PCs from 3 cKO mice), and no significant difference in RTG-induced 

suppression of AP frequency (Fig. S4A–C).

We also examined the change of RTG-induced suppression of PV-INs in cKO mice using a 

ramp stimulation protocol (Varghese et al., 2021, p. 3). Kv7 channels have slow activation 

kinetics; thus slow ramp protocols reveal different aspects of the roles of Kv7 channels 

in regulating neuronal excitability. As observed with our step protocols, RTG application 

reduced the number of APs during the slow ramp protocol in WT PV-INs (Baseline: 88.2 ± 

9.7; RTG: 26.0 ± 6.6, n = 19; p < 0.01, paired Student’s t-test). While RTG application still 

suppressed the number of APs in cKO PV-INs (Fig. 7A, B; Baseline: 102.9 ± 10.0; RTG: 

72.9 ± 10.2, n = 19; p < 0.01, paired Student’s t-test), the suppressive effect was significantly 

smaller in cKO mice (Genotype x Treatment interaction: F = 9.5, p < 0.01). These results 

indicate the reduced suppression of PV-INs by RTG in cKO mice is independent of the 

stimulation protocol.

Given that Kv7 channel can regulate intrinsic membrane properties, we also examined the 

effect of RTG on the passive membrane properties of CA1-PCs and PV-INs from both 

genotypes. As expected, 10 μM RTG significantly hyperpolarized the resting membrane 

potential (RMP) of PV-INs from WT mice (Fig. 7C and Suppl. Table; p < 0.01, 2-way 

ANOVA; n = 19 PV-INs from 4 WT mice). RTG could induce the hyperpolarization of PV-

INs in cKO mice as well (7C and Suppl. Table; p < 0.01, 2-way ANOVA; n=18 from 4 cKO 

mice), but the effect was significantly smaller in cKO mice (drug × genotype interaction on 

RMP: F = 4.3, p < 0.05). There was no significant difference in the rheobase of PV-INs 

between WT and cKO (Fig. 7D, Suppl. Table). RTG significantly increased the rheobase of 

WT PV-INs (Fig. 7D, ), but this effect became smaller in cKO PV-INs (Fig. 7D, and Suppl 

Table,). The effect of RTG on other parameters in WT and cKO are detailed in Suppl. Table. 

Of note, RTG could increase the AP amplitude and reduce AP width in WT PV-INs, but 

these effects were significantly decreased in cKO mice, indicating that KCNQ2/3-containing 

Kv7 channels could modulate the AP shape of PV-INs. Together, these findings indicated 

that RTG suppressed the excitability of PV-INs by modulating their intrinsic membrane 

properties, and these effects were significantly reduced in cKO mice.

In CA1-PCs, RTG application significantly decreased their input resistance, and this effect 

was not significantly changed in cKO mice (Suppl. Table; n=19 PCs from 3 WT mice; n=21 
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PCs from 3 cKO mice). In contrast to its effect on PV-INs, RTG could not hyperpolarize the 

RMP of CA1-PCs from either WT mice or cKO mice, suggesting the Kv7 channels activated 

by RTG in CA1-PCs has little effect on the RMP of these neurons. RTG application 

increased the rheobase of CA1-PCs, and this effect was significantly enhanced in cKO mice 

(Suppl. Table), likely due to a secondary effect of selective gene removal (Soh et al., 2018). 

The effect of RTG on other parameters in WT and cKO was shown in Suppl. Table, and 

there were no significant differences in these parameters between WT and cKO.

Discussion

ASD targets are generally expressed in both excitatory neurons and GABAergic inhibitory 

interneurons (INs). Therefore, while ASDs suppress the excitability of principal excitatory 

neurons, they may simultaneously suppress IN excitability. The simultaneous actions on 

INs and excitatory neurons may reduce their anti-seizure efficacy. However, this hypothesis 

has not previously been directly tested. The role of INs in seizures has been controversial, 

with some studies indicating that IN activity can suppress seizures (Cǎlin et al., 2018; 

Krook-Magnuson et al., 2013; Lu et al., 2016), support seizures (Khoshkhoo et al., 2017; 

Miri et al., 2018), or both (Assaf and Schiller, 2016; Magloire et al., 2019), depending on the 

paradigm. To further illuminate this issue, we generated cKO mice to remove KCNQ2 from 

PV-INs and compared the efficacy of retigabine (RTG), an agonist for KCNQ2-containing 

Kv7 channels, in WT and cKO mice in vivo and in vitro. We found that the removal of 

KCNQ2 from PV-INs resulted in the additional removal of KCNQ3, selectively blunted 

RTG-induced suppression of PV-INs, and improved the anti-seizure efficacy of RTG in two 

chemoconvulsive seizure models.

Improved anti-seizure efficacy of RTG in cKO mice

WT and cKO mice had equivalent growth curves, behavior, survival, and baseline EEG 

spectra, removing some potential study confounds. In WT mice, 10 mg/kg RTG was 

ineffective in delaying the onset of seizures when challenged with 10 mg/kg PTX (Fig. 2). In 

a prior study using 2.5 mg/kg PTX, RTG could prevent PTX-induced seizures in a different 

strain of WT mice, with an ED50 of 18.6 mg/kg (Rostock et al., 1996). Therefore, the lack 

of RTG efficacy in our WT mice may be due to a relatively low dose of RTG, a relatively 

high dose of PTX, or strain differences (Frankel, 2009). cKO mice had a significantly 

lower seizure threshold with PTX challenge, as seen previously (Soh et al., 2018), but RTG 

significantly delayed seizure onset in these mice, indicating the anti-seizure efficacy of RTG 

could be improved with conditional removal of Kcnq2 from PV-INs.

Given that PV-INs exert influence on network activity primarily via GABAA receptors, the 

receptors that PTX blocks, a potential confound could arise from using the PTX seizure 

model to evaluate the effect of a drug on PV-INs. Therefore, we also tested our hypothesis 

using an acute kainic acid (KA) seizure model. Interestingly, RTG significantly hastened 

seizure onset in WT mice, similar to previous findings in rats (Friedman et al., 2015). 

In cKO mice, this paradoxical seizure aggravation with RTG was not only rescued, but 

reversed. These results suggest that RTG-indued seizure aggravation in WT mice may be 

due to its simultaneous suppression of inhibitory PV-INs, and selectively blunting this 
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suppression (as seen in the in vitro data) results in improved anti-seizure efficacy. Seizure 

aggravation after ASD treatment has been well-described in mouse models of Dravet 

Syndrome, which carry mutations in the Scn1a sodium channel subunit with notable PV-IN 

dysfunction (Ogiwara et al., 2007; Yu et al., 2006). ASDs that block sodium channels 

exacerbate seizures in both patients and mice with this mutation, presumably due to their 

simultaneous suppression of PV-IN activity. In addition, in the stargazer mouse model of 

absence epilepsy, we find ASD-induced paradoxical seizure exacerbation to be linked to 

its simultaneous suppression of inhibitory neurons (Maheshwari et al., 2013). These results 

suggest that simultaneous suppression of INs by an ASD reduces its anti-seizure efficacy, 

while sparing inhibitory neurons could improve anti-seizure efficacy.

Subcellular location of KCNQ2/3 in the cortex

In this study, we found that the expression of both KCNQ2 and KCNQ3 were specifically 

enriched in the AIS of PV-INs in the hippocampal CA1 region and neocortex. Deletion 

of Kcnq2 from PV-INs removed KCNQ2 from the AIS, but it also removed KCNQ3 

from PV-INs, consistent with our previous finding in pyramidal cells (PC) (Soh et al., 

2014). Further investigation may be needed to understand the mechanism underlying the 

subsequent loss of KCNQ3 subunits upon removal of KCNQ2 and whether compensatory 

mechanisms are present at different stages of development (Carver and Shapiro, 2019). Our 

findings of specific AIS location of Kv7 channels in PV-INs corroborate and extend previous 

findings in neocortical PCs (Battefeld et al., 2014; Soh et al., 2014), highlighting the highly 

compartmentalized functions of Kv7 across cell types. Nevertheless, it may not be the case 

that all cell types have such a highly restricted Kv7 expression. For instance, hippocampal 

CA1 somatostatin-expressing interneurons appear to have a high expression of KCNQ2/3 in 

the soma with prominent somatic M-currents, in addition to having these channels highly 

expressed in the AIS (Cooper et al., 2001; Lawrence et al., 2006).

Decreased effect of RTG on PV-INs in cKO mice

With the selective removal of KCNQ2/3 from PV-INs, M-current (IM) in PV-INs, the 

current mediated by Kv7 channels, was significantly reduced in cKO mice. In addition, the 

enhancing effect of RTG, an ASD known to promote KCNQ2/3-containing Kv7 channel, on 

the M-currents was blunted, consistent with our immunostaining results. As expected, RTG 

reduced APs of PV-INs elicited by depolarizing current steps, reduced their input resistance, 

hyperpolarized their RMP, and increased their rheobase. Similar effects have been observed 

in somatosensory L5 PCs upon the activation of KCNQ2/3-containing potassium channels 

(Battefeld et al., 2014). Interestingly, while RTG could also dampen the spiking activity of 

CA1-PCs, RTG did not induce any significant change in somatic RMPs of CA1-PCs, in 

contrast to what we observed in PV-INs, but consistent with previous studies on CA1-PCs 

(Soh et al., 2014). This cell type-specific difference may be due to a more hyperpolarized 

RMP of CA1-PCs than PV-INs and neocortical L5 PCs. Under our recording conditions, 

CA1-PCs have an RMP that is near the foot of the voltage-gated activation curve for Kv7 

channels, and the fraction of somatic Kv7 channels that are active at the RMP would thus be 

lower in PCs compared with PV-INs.
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RTG also lost most of the capability to suppress APs elicited by different protocols (Fig. 

6C, Fig. 7), while its suppressive effect on CA-PCs remained unaffected (Fig. S4C). RTG 

still retained a small suppressive effect in cKO PV-INs, and this RTG-sensitive, residual 

component may be related to the presence of KCNQ5 homotetramers (Fidzinski et al., 2015, 

p. 5), or non-Kv7, “off-target” effects of RTG (Otto et al., 2002; Treven et al., 2015). 

In addition, RTG increased the rheobase and hyperpolarized RMPs of WT PV-INs, but 

these effects were significantly decreased in cKO PV-INs. Nevertheless, the cKO did not 

significantly impact the effect of RTG on the input resistance of PV-INs (Suppl. Table, 

p>0.05), suggesting the RTG-induced change in input resistance may not be mediated by 

KCNQ2/3-containing Kv7 channels. The effects of cKO on PV-INs were not observed in 

CA1-PCs from cKO mice, except with the rheobase of CA1-PCs (Suppl. Table), which may 

be due to a secondary effect of selective gene removal (Soh et al., 2018).

Sparing interneurons to improve anti-seizure efficacy

In summary, the anti-seizure efficacy of RTG was improved in a model-independent manner 

when its drug target was removed from a major group of INs. RTG lost most of the 

capability to suppress the excitability of these INs in a protocol-independent manner, while 

its suppressive effects on excitatory neurons remained intact. We reasoned the improved 

anti-seizure efficacy of RTG seen in vivo was due to reduced suppression of INs by 

RTG. Therefore, sparing interneurons by ASDs may be beneficial for anti-seizure efficacy. 

Developing ASDs that have less effect on INs thus may be an effective strategy to improve 

the efficacy of ASDs. For instance, innovative approaches such as DART (drugs acutely 

restricted by tethering) could be harnessed to alter the cell type-specificity of drug action to 

improve ASD efficacy (Shields et al., 2017).

There are some limitations to our study. First, Kcnq2 deletion was cell-type restrictive 

but not developmentally restricted, and thus could change the network in ways that may 

affect seizure characteristics. Nevertheless, PTX- and KA-induced seizure semiologies of 

cKO and WT mice were similar, including behavioral progression to characteristic Racine 

Stage 5 generalized convulsions (Soh et al., 2018). One control that would have added to 

the specificity of our results would be to compare the effect of removing KCNQ2 from 

pyramidal neurons; unfortunately, the Emx1-Kcnq2fl/fl line develops spontaneous seizures 

and causes lethality in most mice by age P30 (Soh et al., 2014), precluding this comparison. 

Another limitation is that our studies were performed on chemoconvulsant-induced seizures, 

and validation of our findings in models of spontaneous, recurrent, and pharmacoresistant 

seizures would enhance the generalizability of these findings. However, these studies remain 

applicable to conventional ASD screening, where chemoconvulsive models are frequently 

the first pre-clinical study used to determine the potential efficacy of a drug to prevent the 

onset of seizures (French and Perucca, 2020; Rostock et al., 1996). Finally, the current focus 

was on PV-INs, but further study should include exploring how the changes in drug effects 

on PCs and other interneuron subtypes impact their anti-seizure efficacy (Tremblay et al., 

2016).

Our findings may also have important implications for ASD pharmacoresistance, affecting 

one in three patients with epilepsy (Kwan and Brodie, 2000; Tang et al., 2017). The target 
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hypothesis of pharmacoresistance suggests that drug effect is limited by altered expression 

of its targets (Pohlmann-Eden and Weaver, 2013), while the intrinsic severity hypothesis 

posits that pharmacoresistance develops as the underlying disease process becomes more 

severe (Rogawski, 2013). Despite the greater susceptibility to Stage 5 seizures when 

challenged with chemoconvulsants (one aspect of intrinsic severity), cKO mice responded 

more favorably to RTG than WT. Our findings thus support the target hypothesis over the 

intrinsic severity hypothesis. It will be interesting to see if this conclusion is sustained in a 

broader range of seizure models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We acknowledge funding from NINDS R01 NS101596 (AT), NINDS R01 NS49119 and the Jack Pribaz 
Foundation (ECC), NIMH R01 MH109556 (JJ, XJ), NIMH R01 MH120404 (JJ, XJ), and NINDS K08 NS096029 
(AM). Research reported in this publication was also supported by P50HD103555 for use of the Microscopy Core 
facilities.

Conflicts of Interest

AM received funding from NeuCyte, Inc to perform studies that were independent from this research. ECC serves 
as a consultant to Knopp Biosciences and Xenon Pharmaceuticals, which develops products related to the research 
being reported. The terms of this arrangement have been reviewed and approved by the Baylor College of Medicine 
in accordance with its policy on Financial Conflicts of Interests in Research. The remaining authors have no 
conflicts of interest.

References

Assaf F, Schiller Y, 2016. The antiepileptic and ictogenic effects of optogenetic neurostimulation of 
PV-expressing interneurons. J. Neurophysiol 116, 1694–1704. 10.1152/jn.00744.2015 [PubMed: 
27486107] 

Battefeld A, Tran BT, Gavrilis J, Cooper EC, Kole MHP, 2014. Heteromeric Kv7.2/7.3 channels 
differentially regulate action potential initiation and conduction in neocortical myelinated axons. J. 
Neurosci. Off. J. Soc. Neurosci 34, 3719–3732. 10.1523/JNEUROSCI.4206-13.2014

Cǎlin A, Stancu M, Zagrean A-M, Jefferys JGR, Ilie AS, Akerman CJ, 2018. Chemogenetic 
Recruitment of Specific Interneurons Suppresses Seizure Activity. Front. Cell. Neurosci 12. 
10.3389/fncel.2018.00293

Can A, Dao DT, Terrillion CE, Piantadosi SC, Bhat S, Gould TD, 2012. The Tail Suspension Test. J. 
Vis. Exp. JoVE 10.3791/3769

Carver CM, Shapiro MS, 2019. Gq-Coupled Muscarinic Receptor Enhancement of KCNQ2/3 
Channels and Activation of TRPC Channels in Multimodal Control of Excitability in 
Dentate Gyrus Granule Cells. J. Neurosci. Off. J. Soc. Neurosci 39, 1566–1587. 10.1523/
JNEUROSCI.1781-18.2018

Cooper EC, Harrington E, Jan YN, Jan LY, 2001. M channel KCNQ2 subunits are localized to key 
sites for control of neuronal network oscillations and synchronization in mouse brain. J. Neurosci. 
Off. J. Soc. Neurosci 21, 9529–9540.

DeFelipe J, López-Cruz PL, Benavides-Piccione R, Bielza C, Larrañaga P, Anderson S, Burkhalter A, 
Cauli B, Fairén A, Feldmeyer D, Fishell G, Fitzpatrick D, Freund TF, González-Burgos G, Hestrin 
S, Hill S, Hof PR, Huang J, Jones EG, Kawaguchi Y, Kisvárday Z, Kubota Y, Lewis DA, Marín 
O, Markram H, McBain CJ, Meyer HS, Monyer H, Nelson SB, Rockland K, Rossier J, Rubenstein 
JLR, Rudy B, Scanziani M, Shepherd GM, Sherwood CC, Staiger JF, Tamás G, Thomson A, Wang 

Jing et al. Page 13

Exp Neurol. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Y, Yuste R, Ascoli GA, 2013. New insights into the classification and nomenclature of cortical 
GABAergic interneurons. Nat. Rev. Neurosci 14, 202–216. 10.1038/nrn3444 [PubMed: 23385869] 

Delorme A, Makeig S, 2004. EEGLAB: an open source toolbox for analysis of single-trial EEG 
dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21. 10.1016/
j.jneumeth.2003.10.009 [PubMed: 15102499] 

Deuis JR, Dvorakova LS, Vetter I, 2017. Methods Used to Evaluate Pain Behaviors in Rodents. Front. 
Mol. Neurosci 10. 10.3389/fnmol.2017.00284

Devaux JJ, Kleopa KA, Cooper EC, Scherer SS, 2004. KCNQ2 is a nodal K+ channel. J. Neurosci. 
Off. J. Soc. Neurosci 24, 1236–1244. 10.1523/JNEUROSCI.4512-03.2004

Fidzinski P, Korotkova T, Heidenreich M, Maier N, Schuetze S, Kobler O, Zuschratter W, Schmitz 
D, Ponomarenko A, Jentsch TJ, 2015. KCNQ5 K(+) channels control hippocampal synaptic 
inhibition and fast network oscillations. Nat. Commun 6, 6254. 10.1038/ncomms7254 [PubMed: 
25649132] 

Frankel WN, 2009. Genetics of complex neurological disease: challenges and opportunities for 
modeling epilepsy in mice and rats. Trends Genet. TIG 25, 361–367. 10.1016/j.tig.2009.07.001 
[PubMed: 19665252] 

French JA, Perucca E, 2020. Time to Start Calling Things by Their Own Names? The Case 
for Antiseizure Medicines. Epilepsy Curr. 20, 69–72. 10.1177/1535759720905516 [PubMed: 
32077329] 

Friedman LK, Slomko AM, Wongvravit JP, Naseer Z, Hu S, Wan WY, Ali SS, 2015. Efficacy of 
Retigabine on Acute Limbic Seizures in Adult Rats. J. Epilepsy Res 5, 46–59. 10.14581/jer.15010 
[PubMed: 26819936] 

Greene DL, Kang S, Hoshi N, 2017. XE991 and Linopirdine Are State-Dependent Inhibitors for Kv7/
KCNQ Channels that Favor Activated Single Subunits. J. Pharmacol. Exp. Ther 362, 177–185. 
10.1124/jpet.117.241679 [PubMed: 28483800] 

Grigorov A, Moskalyuk A, Kravchenko M, Veselovsky N, Verkhratsky A, Fedulova S, 2014. Kv7 
potassium channel subunits and M currents in cultured hippocampal interneurons. Pflugers Arch. 
466, 1747–1758. 10.1007/s00424-013-1406-x [PubMed: 24327204] 

Gunthorpe MJ, Large CH, Sankar R, 2012. The mechanism of action of retigabine (ezogabine), a 
first-in-class K+ channel opener for the treatment of epilepsy. Epilepsia 53, 412–424. 10.1111/
j.1528-1167.2011.03365.x [PubMed: 22220513] 

Hippenmeyer S, Vrieseling E, Sigrist M, Portmann T, Laengle C, Ladle DR, Arber S, 2005. A 
developmental switch in the response of DRG neurons to ETS transcription factor signaling. PLoS 
Biol. 3, e159. 10.1371/journal.pbio.0030159 [PubMed: 15836427] 

Höfflin F, Jack A, Riedel C, Mack-Bucher J, Roos J, Corcelli C, Schultz C, Wahle P, Engelhardt M, 
2017. Heterogeneity of the Axon Initial Segment in Interneurons and Pyramidal Cells of Rodent 
Visual Cortex. Front. Cell. Neurosci 11, 332. 10.3389/fncel.2017.00332 [PubMed: 29170630] 

Jiang X, Shen S, Cadwell CR, Berens P, Sinz F, Ecker AS, Patel S, Tolias AS, 2015. Principles of 
connectivity among morphologically defined cell types in adult neocortex. Science 350, aac9462. 
10.1126/science.aac9462 [PubMed: 26612957] 

Jiang X, Wang G, Lee AJ, Stornetta RL, Zhu JJ, 2013. The organization of two new cortical 
interneuronal circuits. Nat. Neurosci 16, 210–218. 10.1038/nn.3305 [PubMed: 23313910] 

Khoshkhoo S, Vogt D, Sohal VS, 2017. Dynamic, Cell-Type-Specific Roles for GABAergic 
Interneurons in a Mouse Model of Optogenetically Inducible Seizures. Neuron 93, 291–298. 
10.1016/j.neuron.2016.11.043 [PubMed: 28041880] 

Krook-Magnuson E, Armstrong C, Oijala M, Soltesz I, 2013. On-demand optogenetic control of 
spontaneous seizures in temporal lobe epilepsy. Nat. Commun 4, 1376. 10.1038/ncomms2376 
[PubMed: 23340416] 

Kwan P, Brodie MJ, 2000. Early identification of refractory epilepsy. N. Engl. J. Med 342, 314–319. 
10.1056/NEJM200002033420503 [PubMed: 10660394] 

Lawrence JJ, Saraga F, Churchill JF, Statland JM, Travis KE, Skinner FK, McBain CJ, 2006. 
Somatodendritic Kv7/KCNQ/M channels control interspike interval in hippocampal interneurons. 
J. Neurosci. Off. J. Soc. Neurosci 26, 12325–12338. 10.1523/JNEUROSCI.3521-06.2006

Jing et al. Page 14

Exp Neurol. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lu Y, Zhong C, Wang Lulu, Wei P, He W, Huang K, Zhang Y, Zhan Y, Feng G, Wang Liping, 2016. 
Optogenetic dissection of ictal propagation in the hippocampal-entorhinal cortex structures. Nat. 
Commun 7, 10962. 10.1038/ncomms10962 [PubMed: 26997093] 

Luong TN, Carlisle HJ, Southwell A, Patterson PH, 2011. Assessment of Motor Balance and 
Coordination in Mice using the Balance Beam. J. Vis. Exp. JoVE 10.3791/2376

Magloire V, Cornford J, Lieb A, Kullmann DM, Pavlov I, 2019. KCC2 overexpression prevents 
the paradoxical seizure-promoting action of somatic inhibition. Nat. Commun 10, 1225. 10.1038/
s41467-019-08933-4 [PubMed: 30874549] 

Maheshwari A, Akbar A, Wang M, Marks R, Yu K, Park S, Foster BL, Noebels JL, 2017. Persistent 
aberrant cortical phase-amplitude coupling following seizure treatment in absence epilepsy 
models. J. Physiol 10.1113/JP274696

Maheshwari A, Nahm WK, Noebels JL, 2013. Paradoxical proepileptic response to NMDA receptor 
blockade linked to cortical interneuron defect in stargazer mice. Front. Cell. Neurosci 7, 156. 
10.3389/fncel.2013.00156 [PubMed: 24065886] 

Main MJ, Cryan JE, Dupere JR, Cox B, Clare JJ, Burbidge SA, 2000. Modulation of KCNQ2/3 
potassium channels by the novel anticonvulsant retigabine. Mol. Pharmacol 58, 253–262. 
[PubMed: 10908292] 

Makinson CD, Tanaka BS, Lamar T, Goldin AL, Escayg A, 2014. Role of the hippocampus in 
Nav1.6 (Scn8a) mediated seizure resistance. Neurobiol. Dis 68, 16–25. 10.1016/j.nbd.2014.03.014 
[PubMed: 24704313] 

Miri ML, Vinck M, Pant R, Cardin JA, 2018. Altered hippocampal interneuron activity precedes ictal 
onset. eLife 7. 10.7554/eLife.40750

Moqrich A, Hwang SW, Earley TJ, Petrus MJ, Murray AN, Spencer KSR, Andahazy M, Story GM, 
Patapoutian A, 2005. Impaired Thermosensation in Mice Lacking TRPV3, a Heat and Camphor 
Sensor in the Skin. Science 307, 1468–1472. 10.1126/science.1108609 [PubMed: 15746429] 

Ogiwara I, Miyamoto H, Morita N, Atapour N, Mazaki E, Inoue I, Takeuchi T, Itohara S, 
Yanagawa Y, Obata K, Furuichi T, Hensch TK, Yamakawa K, 2007. Nav1.1 localizes to axons 
of parvalbumin-positive inhibitory interneurons: a circuit basis for epileptic seizures in mice 
carrying an Scn1a gene mutation. J. Neurosci. Off. J. Soc. Neurosci 27, 5903–5914. 10.1523/
JNEUROSCI.5270-06.2007

Otto JF, Kimball MM, Wilcox KS, 2002. Effects of the anticonvulsant retigabine on cultured cortical 
neurons: changes in electroresponsive properties and synaptic transmission. Mol. Pharmacol 61, 
921–927. 10.1124/mol.61.4.921 [PubMed: 11901232] 

Pan Z, Kao T, Horvath Z, Lemos J, Sul J-Y, Cranstoun SD, Bennett V, Scherer SS, Cooper EC, 
2006. A common ankyrin-G-based mechanism retains KCNQ and NaV channels at electrically 
active domains of the axon. J. Neurosci. Off. J. Soc. Neurosci 26, 2599–2613. 10.1523/
JNEUROSCI.4314-05.2006

Paz RM, Tubert C, Stahl A, Díaz AL, Etchenique R, Murer MG, Rela L, 2018. 
Inhibition of striatal cholinergic interneuron activity by the Kv7 opener retigabine and the 
nonsteroidal anti-inflammatory drug diclofenac. Neuropharmacology 137, 309–321. 10.1016/
j.neuropharm.2018.05.010 [PubMed: 29758221] 

Pohlmann-Eden B, Weaver DF, 2013. The puzzle(s) of pharmacoresistant epilepsy. Epilepsia 54 Suppl 
2, 1–4. 10.1111/epi.12174

Racine RJ, 1972. Modification of seizure activity by electrical stimulation. II. Motor seizure. 
Electroencephalogr. Clin. Neurophysiol 32, 281–294. 10.1016/0013-4694(72)90177-0

Rasband MN, Peles E, Trimmer JS, Levinson SR, Lux SE, Shrager P, 1999. Dependence of nodal 
sodium channel clustering on paranodal axoglial contact in the developing CNS. J. Neurosci. Off. 
J. Soc. Neurosci 19, 7516–7528.

Rasmussen HB, Frøkjaer-Jensen C, Jensen CS, Jensen HS, Jørgensen NK, Misonou H, Trimmer JS, 
Olesen S-P, Schmitt N, 2007. Requirement of subunit co-assembly and ankyrin-G for M-channel 
localization at the axon initial segment. J. Cell Sci 120, 953–963. 10.1242/jcs.03396 [PubMed: 
17311847] 

Jing et al. Page 15

Exp Neurol. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Robbins J, Passmore GM, Abogadie FC, Reilly JM, Brown DA, 2013. Effects of KCNQ2 gene 
truncation on M-type Kv7 potassium currents. PloS One 8, e71809. 10.1371/journal.pone.0071809 
[PubMed: 23977150] 

Rogawski MA, 2013. The intrinsic severity hypothesis of pharmacoresistance to antiepileptic drugs. 
Epilepsia 54, 33–40. 10.1111/epi.12182

Rostock A, Tober C, Rundfeldt C, Bartsch R, Engel J, Polymeropoulos EE, Kutscher B, Löscher W, 
Hönack D, White HS, Wolf HH, 1996. D-23129: a new anticonvulsant with a broad spectrum 
activity in animal models of epileptic seizures. Epilepsy Res. 23, 211–223. [PubMed: 8739124] 

Shah MM, Mistry M, Marsh SJ, Brown DA, Delmas P, 2002. Molecular correlates of the M-current in 
cultured rat hippocampal neurons. J. Physiol 544, 29–37. 10.1113/jphysiol.2002.028571 [PubMed: 
12356878] 

Shields BC, Kahuno E, Kim C, Apostolides PF, Brown J, Lindo S, Mensh BD, Dudman JT, Lavis 
LD, Tadross MR, 2017. Deconstructing behavioral neuropharmacology with cellular specificity. 
Science 356, eaaj2161. 10.1126/science.aaj2161 [PubMed: 28385956] 

Soh H, Pant R, LoTurco JJ, Tzingounis AV, 2014. Conditional deletions of epilepsy-
associated KCNQ2 and KCNQ3 channels from cerebral cortex cause differential effects 
on neuronal excitability. J. Neurosci. Off. J. Soc. Neurosci 34, 5311–5321. 10.1523/
JNEUROSCI.3919-13.2014

Soh H, Park S, Ryan K, Springer K, Maheshwari A, Tzingounis AV, 2018. Deletion of KCNQ2/3 
potassium channels from PV+ interneurons leads to homeostatic potentiation of excitatory 
transmission. eLife 7. 10.7554/eLife.38617

Tang F, Hartz AMS, Bauer B, 2017. Drug-Resistant Epilepsy: Multiple Hypotheses, Few Answers. 
Front. Neurol 8, 301. 10.3389/fneur.2017.00301 [PubMed: 28729850] 

Ting JT, Daigle TL, Chen Q, Feng G, 2014. Acute Brain Slice Methods for Adult and Aging Animals: 
Application of Targeted Patch Clamp Analysis and Optogenetics, in: Martina M, Taverna S 
(Eds.), Patch-Clamp Methods and Protocols. Springer New York, New York, NY, pp. 221–242. 
10.1007/978-1-4939-1096-0_14

Tremblay R, Lee S, Rudy B, 2016. GABAergic Interneurons in the Neocortex: From Cellular 
Properties to Circuits. Neuron 91, 260–292. 10.1016/j.neuron.2016.06.033 [PubMed: 27477017] 

Treven M, Koenig X, Assadpour E, Gantumur E, Meyer C, Hilber K, Boehm S, Kubista H, 2015. 
The anticonvulsant retigabine is a subtype selective modulator of GABAA receptors. Epilepsia 56, 
647–657. 10.1111/epi.12950 [PubMed: 25779225] 

Varghese N, Lauritano A, Taglialatela M, Tzingounis AV, 2021. KCNQ3 is the principal target of 
retigabine in CA1 and subicular excitatory neurons. J. Neurophysiol 125, 1440–1449. 10.1152/
jn.00564.2020 [PubMed: 33729829] 

Wang AW, Yau MC, Wang CK, Sharmin N, Yang RY, Pless SA, Kurata HT, 2018. Four drug-sensitive 
subunits are required for maximal effect of a voltage sensor-targeted KCNQ opener. J. Gen. 
Physiol 150, 1432–1443. 10.1085/jgp.201812014 [PubMed: 30166313] 

Yu FH, Mantegazza M, Westenbroek RE, Robbins CA, Kalume F, Burton KA, Spain WJ, McKnight 
GS, Scheuer T, Catterall WA, 2006. Reduced sodium current in GABAergic interneurons in 
a mouse model of severe myoclonic epilepsy in infancy. Nat. Neurosci 9, 1142–1149. 10.1038/
nn1754 [PubMed: 16921370] 

Jing et al. Page 16

Exp Neurol. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key Points:

• RTG increased latency to seizures after Kcnq2 was removed only from PV-

INs.

• KCNQ2/KCNQ3 was enriched at PV-IN AISs, sites of AP initiation.

• Kcnq2 removal greatly reduced KCNQ2/KCNQ3 expression and function in 

CA1 PV-INs.

• The suppressive effect of RTG on hippocampal PV-INs was blunted in cKO 

mice.

• Therefore, the efficacy of RTG may improve with partial sparing of 

interneurons.
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Figure 1. Characterization of cKO (PV-Kcnq2fl/fl) mice.
(A) Representative WT (PV-Kcnq2+/+) and littermate cKO mice at P30. (B) No difference 

in relative growth curves across genotypes (n = 18, 10). (C) Survival rate of WT (n = 163) 

and cKO mice (n=101, p > 0.05, Gehan-Breslow test) as a function of postnatal day. (D) 

No difference between genotypes in EEG spectral power at frequencies between 2–150 Hz 

(n = 5, mean ± SEM, p > 0.05, Tukey’s multiple comparisons test). There was also no 

significant difference between groups in performance on the (E) Tail Suspension Test (n = 

12 each, median±95% confidence intervals, p = 0.887, Mann-Whitney U-test), the (F) Heat 

Sensitivity Test (n = 11 each, p = 0.699), or the (G) Balance Beam Test (n = 9–10, p = 

0.434)
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Figure 2. Improved efficacy of RTG in preventing PTX- and KA-induced seizures in cKO mice.
Percentage of (A) WT (*p = 0.059; n = 16, 16) and (B) cKO (**p = 0.003; n = 12, 14) 

mice remaining seizure free with or without RTG plotted against time after PTX injection 

(Gehan-Breslow test). WT and cKO are also compared (C) without RTG (**p = 0.002) and 

(D) with RTG (p = 0.214). Percentage of (E) WT (*p = 0.042; n = 21, 22) and (F) cKO (*p 
= 0.040; n = 18, 18) mice with or without RTG administration plotted against time after KA 

injection (Gehan-Breslow test). WT and cKO are also compared (G) without RTG (***p < 

0.001) and (H) with RTG (p = 0.953). Considering only mice with seizures, seizure onset 

was significantly increased by RTG in cKO but not WT mice in both the (I) PTX and (J) KA 

models (**p < 0.01, Kruskal-Wallis test with Dunn’s post-hoc tests).
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Figure 3. Selective deletion of KCNQ2 from CA 1 PV-IN in cKO mice.
(A) In WT mice, KCNQ2 (green) was co-expressed with AnkG (red, arrowhead) at the distal 

axon initial segment (AIS) of PV-IN (TdTomato – white) in stratum oriens (s.o.=stratum 

oriens, s.p.=stratum pyramidale, s.r.=stratum radiatum). (B) In cKO mice, KCNQ2 was no 

longer co-expressed with AnkG in PV-IN (here shown in stratum radiatum of CA1), but 

remained evident in the AIS of CA1 pyramidal cells in stratum pyramidale (arrow). (C-E) 

Inset from A, showing KCNQ2 expression in the distal 2/3 of the AIS. (F-H) Inset from 

B, showing absence of KCNQ2 immunoreactivity localized to the PV interneuron AIS 

(arrowheads showing beginning and end of AIS). Scales: 10 μm.
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Figure 4. Absence of KCNQ3 AIS labeling in PV-INs in cKO mice.
(A-D) Representative images obtained with confocal imaging, where KCNQ3 (green) 

expression was seen at the distal AIS (arrowheads) labeled by AnkG (red) in a WT CA1 

stratum pyramidale PV-IN, with non-PV-INs also showing distal AIS labeling of KCNQ3 in 

the opposite direction (arrow). (E-H) In a PV-IN from the cKO mouse, staining for KCNQ3 

was absent in the AIS (arrowheads), but detected in the neighboring AIS of a non-PV-IN 

(arrow). Scale bars: 10 μm.
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Figure 5. Effects of retigabine (RTG) on M-currents of hippocampal PV-INs.
(A) Representative traces of M-currents (IM) in PV-INs from WT (left) and from cKO (right) 

before (black) and after (red) 10 μM RTG application. (B) RTG significantly increased the 

holding currents (Ihold) at −20 mV in PV-INs from WT (left, n = 12, Δ: 99.8 pA, **p < 0.01) 

and cKO mice (right, n = 12, Δ: 42.4 pA, *p < 0.05), but RTG had less effects on Ihold from 

cKO mice (interaction: F(1,1) = 6.9, p < 0.05 with two-way ANOVA). (C) RTG significantly 

increased the IM amplitude in PV-INs from WT mice, but not in PV-INs from cKO mice 

(WT, n=12, Δ: 18.7 pA, t=8.3, **p < 0.01; cKO, n=12; Δ: 3.14 pA, p > 0.05; interaction: F 

(1,1) = 24.1, p < 0.01 with two-way ANOVA).
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Figure 6. Effects of retigabine (RTG) on the excitability of PV-INs in vitro.
(A) Experimental configuration in CA1. Whole-cell recordings were obtained 

simultaneously from four neurons, including two PV-INs (cell 1 and 2) and two PCs (cell 3 

and 4). PV-INs were distinguished from PCs and other interneurons by firing pattern (above) 

and post hoc morphology recovery (below). (B) Representative membrane voltage responses 

to different current step injections in PV-INs from WT (left) and cKO (right) before and after 

RTG application. (C) RTG suppressed APs in PV-INs from WT (left, n = 19, **p < 0.01 

with two-way ANOVA) and cKO mice (right, n=18, **p < 0.01 with two-way ANOVA), 

but RTG had less suppressive effects on PV-INs excitability from cKO mice (gene x drug 

interaction: F = 4.3. **p < 0.05 with two-way ANOVA). (D) Left: at the baseline, PV-INs 

fired more APs in cKO mice when injection currents were more than 250 pA (F = 4.4, p < 

Jing et al. Page 23

Exp Neurol. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0.05 with two-way ANOVA). Right: In the presence of RTG, PV-INs fires more APs in cKO 

mice as well across a larger range of current injections than WT mice (F = 8.5, **p < 0.01 

with two-way ANOVA).
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Figure 7. 
Retigabine’s effect on excitability of cKO PV-INs. A: representative voltage responses to a 

ramp protocol in CA1 PV-INs from WT and cKO slices before and after bath application 

of RTG (10 μM). (B): summary graphs showing the effect of 10 μM retigabine (RTG) 

on action potential number (WT, n=19; cKO, n = 19, **p < 0.01, Genotype x Treatment 

interaction: F = 9.5, with two-way ANOVA). (C) Bath application of RTG in hippocampal 

slices significantly hyperpolarized the RMP of PV-INs from both WT and cKO mice, but 

RTG had a smaller effect on RMP from cKO mice (WT, n=19, Δ: 5.8 mV, t = 6.2; cKO, Δ: 

3.0 mV, t = 3.2, n = 18; **p < 0.01; interaction: F = 4.3, p = 0.046 with two-way ANOVA). 

(D) Bath application of RTG significantly increased the rheobase of PV-INs from both WT 

and cKO mice, but RTG had less effects on cKO mice (WT, n=19, Δ: 81.1 pA, t = 6.4; 

cKO, n=18, Δ: 43.3 pA, t = 3.3; **p < 0.01, interaction: F = 4.3, p = 0.046 with two-way 

ANOVA).
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