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SUMMARY
The recurrent variant KCNC1-p.Arg320His causes progressive myoclonus epilepsy (EPM) type 7, defined by
progressive myoclonus, epilepsy, and ataxia, and is without effective treatment. KCNC1 encodes the
voltage-gated potassium channel subunit Kv3.1, specifically expressed in high-frequency-firing neurons.
Variant subunits act via loss of function; hence, EPM7 pathogenesis may involve impaired excitability of
Kv3.1-expressing neurons, while enhancing Kv3 activity could represent a viable therapeutic strategy. We
generate a mouse model, Kcnc1-p.Arg320His/+, which recapitulates the core features of EPM7, including
progressive ataxia and seizure susceptibility. Kv3.1-expressing cerebellar granule cells and neocortical par-
valbumin-positive GABAergic interneurons exhibit abnormalities consistent with Kv3 channel dysfunction. A
Kv3-specific positive modulator (AUT00206) selectively enhances the firing frequency of Kv3.1-expressing
neurons and improves motor function and seizure susceptibility in Kcnc1-Arg320His/+ mice. This work iden-
tifies a cellular and circuit basis of dysfunction in EPM7 and demonstrates that Kv3 positive modulators such
as AUT00206 have therapeutic potential for the treatment of EPM7.
INTRODUCTION

A recurrent heterozygous variant in KCNC1, which encodes the

voltage-gated potassium (K+) channel subunit Kv3.1, was

recently identified as the cause of progressive myoclonus epi-

lepsy type 7 (EPM7; PME7), also known as myoclonus epilepsy

and ataxia due to KCNC1 mutation (MEAK).1–3 EPM is a collec-

tion of disorders characterized by epilepsy and progressive

myoclonus along with tremor and ataxia, loss of ambulation,

and relentless neurological decline.1,4 The 15+ EPMs are each

associated with a defined genetic or metabolic etiology.4 In gen-

eral, mechanisms of EPM have been difficult to address due to

the nature of the causative genes, lack of appropriate experi-

mental models that reproduce salient aspects of these disor-
Cell Repo
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ders, and lack of small molecules that target putative disease

pathomechanisms. Treatment is symptomatic and not mecha-

nistically oriented toward the underlying genetic defect. Current

therapy involves standard anti-seizure medications, which do

not address the underlying pathophysiology, areminimally effec-

tive at controlling symptoms, and have no influence on long-term

disease course.5–7 For EPM7, patients develop symptoms be-

tween the ages of 6 and 14 years,1,3 with predominant myoc-

lonus and ataxia that progressively worsens such that patients

are wheelchair bound by adolescence or early adulthood and

retain minimal functional limb use.

EPM7 is autosomal dominant, caused by the recurrent het-

erozygous variant KCNC1-p.Arg320His occurring either de

novo or (less frequently) inherited from an affected parent
rts Medicine 5, 101389, February 20, 2024 ª 2023 The Author(s). 1
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(impacting one of the two copies of KCNC1).2 K+ channels are

organized into families and subfamilies based on DNA

sequence similarity,8,9 and the variety of over 70 K+ channel

genes are important regulators of neuronal excitability, while

genetic variation is a known cause of epilepsy and other neuro-

logical disorders.10–13 Kv3.1 is a member of the Kv3 subfamily

of voltage-gated K+ channels, and Kv3 channels exist as heter-

otetrameric assemblies of Kv3.1–Kv3.4 subunits.14–16 The

recurrent EPM7-associated pathogenic variant KCNC1-p.Ar-

g320His is localized to the fourth of the highly conserved

positively charged arginine residues of the Kv subunit S4

voltage sensor; this variant causes loss of function with a puta-

tive dominant-negative effect,2,3 and forms heteromultimers

with wild-type Kv3.1 (and likely Kv3.2, Kv3.3, and/or

Kv3.4),9,14,16,17 to reduce Kv3 channel activity. Kv3.1 protein

is abundantly expressed in discrete brain areas and in specific

cell types that fire action potentials at high frequency, including

in a subset of GABAergic inhibitory interneurons in the

neocortex, hippocampus, and striatum, neurons of the reticular

thalamic nucleus and auditory brainstem, and granule cells and

molecular layer interneurons of the cerebellum.14,18 Kv3.1 in the

cerebral cortex is prominently and specifically expressed in

parvalbumin (PV)-positive GABAergic fast-spiking interneurons

(PV-INs) and underlies the ability of these cells to discharge at

high frequency,19–23 based on the distinct biophysical proper-

ties of the Kv3 subfamily among Kv subunits. Kv3.1-containing

channels exhibit a uniquely positive (depolarized) voltage

dependence of activation (with a V1/2 of +15 mV) such that

the outward K+ current does not ‘‘compete’’ with the inward

sodium current driving the upswing of the action potential.

Kv3.1 has rapid activation and deactivation kinetics, which fa-

cilitates repolarization of the action potential to keep spikes

brief while driving a fast, deep afterhyperpolarization that facil-

itates recovery from the inactivation of Na+ channels and

thereby limits the interspike interval.20,24 Hence, loss-of-func-

tion variants of KCNC1 would be expected to impair high-fre-

quency firing of Kv3.1-expressing neurons. Importantly,

Kv3.1-subunit-containing K+ channels are also expressed at

synapses, where they modulate the presynaptic action poten-

tial waveform and thus influence transmitter release, regulating

synaptic strength and short-term synaptic plasticity via regula-

tion of spike width and spike-evoked calcium influx.17,21,25,26
Figure 1. A mouse model of progressive myoclonus epilepsy type 7

(A) Sequence similarity betweenmouseKcnc1 and humanKCNC1 including the Ar

residue of the highly conserved S4 voltage sensor of Kv channels.

(B) Survival of wild-type (+/+ mice, n = 21), heterozygous (H/+ [Kcnc1-p.Arg320H

(C) Representative image of +/+, H/+, and H/H mice at P16. Note the normal siz

(D) H/Hmice are smaller compared to age-matched +/+ and H/+ littermates, while

weaning. +/+ mice, n = 54; H/+ mice, n = 47; H/H mice, n = 6.

(E) Representative image demonstrates normal brain size between genotypes at

(F and G) There is no difference between +/+ and H/+ mice in body weight (F) or br

mice, n = 23; H/+ mice, n = 24. Data are separated by sex in Figure S2.

(H) Representative image of +/+ and H/+ mouse brains at 6 months of age.

(I) Confocal images of calbindin (a marker of Purkinje cells; red) and DAPI (blue) st

between +/+ and H/+ mice at 2 and 6 months of age. Scale bars: 400 mm (top)

presented as mean ± SEM.

Statistical analyses: Mantel-Cox test (B), two-way ANOVA with �Sı́dák’s multiple

***p < 0.001. Exact p values can be found in Table S1.
Again, loss-of-function variants would be expected to impact

the dynamics of neurotransmitter release by Kv3.1-expressing

neurons.

Here,wehypothesize that thecomplexclinical featuresofEPM7

are due to dysfunction of Kv3.1-expressing neurons in distributed

brain regions. Specifically, we predict that susceptibility to seizure

may be due to expression of dysfunctional Kv3.1-p.Arg320His

subunits in PV-INs in the cerebral cortex, while ataxia may relate

todysfunctionof affectedcerebellar circuits. AugmentingKv3cur-

rents inaffectedcell populationscould recover functionandwould

represent a targeted treatment for EPM7.

We generated a preclinical experimental mouse model of

EPM7 via CRIPSR-Cas9: Kcnc1-p.Arg320His/+ (H/+) mice are

viable but show impairments across a battery of tests of motor

function and exhibit a heightened susceptibility to induced

seizure as well as the presence of spontaneous seizures.

Kv3.1-expressing cerebellar granule cells and neocortical PV-

INs show impaired excitability in acute brain slices from H/+

mice, specifically with respect to parameters consistent with

Kv3 channel dysfunction. Application of a Kv3-specific K+ chan-

nel modulator, AUT00206, augments action potential generation

in vitro, while injection of AUT00206 in vivo enhances motor per-

formance and improves seizure susceptibility of H/+ mice.

These results identify cellular- and circuit-level mechanisms of

EPM7 and suggest a targeted therapeutic approach that could

be translated to treatment of human patients with EPM7 and

potentially other phenotypically similar forms of EPM.

RESULTS

A mouse model of EPM7
We generated a mouse model, H/+ mice—homologous to the

recurrent heterozygous variant KCNC1 c.959G>A (p.Arg320His)

identified in patients with EPM7—using CRISPR-Cas9 (Figure 1).

There is extensive sequence similarity between mouse Kcnc1

andhumanKCNC1 includingArg320, the fourthpositively charged

arginine of the highly conserved S4 voltage sensor of Kv channels

(Figure 1A). We performed detailed off-target analysis of multiple

mosaic lines to confirm specificity of the mutation given the

sequence similarity between Kv3 subfamily members Kcnc1-4

and confirmed the selective editing of Kcnc1 c.959G>A. Mice

were then bred onto a C57BL/6J background for at least ten
g320 residue (asterisk), which constitutes the fourth positively charged arginine

is/+] mice, n = 32), and homozygous (H/H mice: n = 18) mice.

e of H/+ relative to +/� mice, with a growth impairment of the H/H mice.

there is no significant weight difference between +/+ and H/+mice at or before

P16.

ain weight (G) at 6 months of age. (F) +/+ mice, n = 30; H/+ mice, n = 29. (G) +/+

aining in cerebellum demonstrates normal gross anatomy and cytoarchitecture

and 50 mm (bottom). See also Figures S2, S3, and S5 and Table S1. Data are

comparison test (D), and unpaired Student’s t test (F and G). *p < 0.05 and
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Figure 2. H/+ mice exhibit normal early

physical development and postnatal

behavior

(A) Depiction of mouse developmental stages.

Neonatal and young adolescent developmental

milestones were evaluated.

(B) Body lengths of +/+ and H/+ mice are identical

across the neonatal and early adolescent periods.

(C) Standard mouse developmental and motor

behavior benchmarks were achieved at similar

time points for both +/+ and H/+ mice.

(D) H/+ mice exhibit normal progression of nega-

tive geotaxis (quantified as a geotaxis score).

(E and F) H/+ and +/+ mice succeed in surface

righting by P9 as measured by duration to achieve

surface righting (E) and surface righting core (F).

(G) H/+ mice show a normal auditory startle reflex

and achievement of motor behavioral milestones

such as horizontal screen, vertical screen, cliff

avoidance, and quadruple walking. See also

Table S1. Data shown are mean ± SEM.

Statistical analysis: two-way ANOVA with �Sı́dák’s

multiple comparisons test (B and D–F). For

(B)–(G): +/+ mice, n = 20; H/+ mice, n = 18.
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generations, and H/+ mice on a pure C57 background were used

for experiments. H/+ mice are viable (Figure 1B), and females are

fertile and able to breed until approximately 6 ± 2 months of age.

H/+ dams yield 5.6 ± 0.8 pups (mean ± SEM from 10 litters), and

wild-type (WT; +/+) and H/+ pups are of normal weight up to/at

weaning, while homozygous (H/H) pups are significantly smaller

(+/+ vs. H/H, p = 0.0240 via two-way ANOVAwith �Sı́dák’s multiple

comparisons test; Figures 1C and 1D). H/+ mouse body weight at

6 months of age remains normal relative to WT (Figure 1F). H/+

mouse brain size was similar toWT at postnatal day 16 (P16) (Fig-

ure 1E) and at age 6 months, relative to age-matched WT litter-

mates (Figures1Gand1H).Therearenodifferences inbodyweight

or brain weight between +/+ and H/+ mice when males and fe-

males are analyzed separately (Figure S2). Histological analysis

of cerebellarmorphology inboth2-and6-month-oldmousebrains

fromH/+miceshowednogrossstructural abnormality orevidence
4 Cell Reports Medicine 5, 101389, February 20, 2024
of cell loss (Figure 1I). Detailed analysis of

cerebellar layer thickness showed no Pur-

kinje neuron or granule cell loss in H/+

mice, even at 9 months of age (Figure S3).

Spontaneousseizureswereobserved inH/

+micestartingat/after4monthsofage;we

did not observe spontaneous seizures in

H/+ mice before 2 months of age. All ho-

mozygous H/H mice exhibited reflex- and

handling-induced seizures and were

deceased prematurely between P16 and

P21 (Figure 1B).

H/+ mice exhibit normal early
development
We compared the postnatal behavior

and developmental milestones of +/+

and H/+ mice using a standardized
observational battery at P5, P7, P9, P11, P13, and P1527

and observed no differences. There was normal body length

progression with time, with no genotype difference (p =

0.1084 via two-way ANOVA) (Figure 2B). There was no differ-

ence between +/+ and H/+ mice in timing of fur appearance

(P7), shoulder (P7) and head elevation (P9), incisor eruption

(P11), eye opening (P13), or ear canal opening (P13) (Fig-

ure 2C). H/+ mice also showed normal development of nega-

tive geotaxis (Figure 2D). At earlier time points of P5 and P7, a

proportion of mice from both +/+ and H/+ groups spent longer

than 10 s for surface righting to be elicited, but there was no

overall group difference (Figures 2E and 2F). H/+ mice also ex-

hibited a normal auditory startle response (Figure 2G). All

neonatal motor behaviors, including horizontal and vertical

screen, cliff avoidance, and quadruple walking, were not

significantly different between genotypes (Figure 2G).



(legend on next page)
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The H/+ mousemodel phenocopies key features seen in
human patients with EPM7
To assess gross motor impairment and ataxia in H/+ mice at

later ages, we performed a set of behavioral tests sensitive

to cerebellar dysfunction,28,29 including the tail suspension

test (Figures 3A and 3B), paw-print analysis (Figure 3C), accel-

erating rotarod assay (Figures 3D and 3E), ledge test (Fig-

ure 3F), and elevated beam walk test (Figure 3G), on H/+

mice and age-matched +/+ littermate controls across a range

of relevant ages. Hindlimb clasping, a commonly used and

sensitive indicator of cerebellar ataxia,30 was prominent upon

tail suspension in 6-month-old H/+ mice relative to +/+ (Fig-

ure 3B). At 6 months of age, H/+ mice also showed impaired

performance on the ledge test with an increased severity score

(Figure 3F). H/+ mice exhibited decrease hind paw stance

width during assessment of gait via paw-print analysis, consis-

tent with ataxia (Figure 3C). After two training sessions at a set

speed, mice were tested on the accelerating rotarod, which re-

vealed progressive deficits in performance in H/+ mice relative

to +/+ (Figures 3D and 3E). In the elevated beam walk test,31

H/+ mice made more errors in hind paw placement compared

to age-matched +/+ littermates at both 4 and 6 months of age

(Figure 3G).

Spontaneous seizures were observed in H/+ mice starting at

4 months of age. H/+ mice, but not +/+ controls, displayed

audiogenic seizures at P18–P20 in response to both high-inten-

sity and high-frequency auditory stimuli (Figure 3I), suggesting

increased seizure susceptibility at younger ages. H/+ mice also

exhibitedmarkedly accelerated pentylenetetrazol (PTZ)-induced

kindling on the PTZ seizure threshold test relative to age-

matched +/+ littermate controls, initiated at P30 (Figure 3J).

We performed continuous video electroencephalogram (EEG)

monitoring in a cohort of H/+ mice at 6 months of age and

observed spontaneous recurrent seizures in a subset of mice

(Figure 3H), which were brief (no longer than 15 s) and character-

ized by arrest of activity, occasionally accompanied by head nod

and/or limb twitch.

Hence, H/+ mice represent a valid and tractable model

of EPM7, recapitulating core clinical phenotypes including
Figure 3. H/+ mice exhibit age-related motor dysfunction and seizure

(A and B) At 6 months of age, H/+ mice exhibit a severe hindlimb clasping pheno

(C) H/+ mice at 6 months old also show reduced hind paw stance width as asse

(D and E) H/+ mice show impaired performance on the rotarod. H/+ mice exhibit in

both 4 and 6 month time points. +/+ mice, n = 12; H/+ mice, n = 12. As described

sessions (D), and the average measure obtained across the 4 sessions is plotted

(F) At age 6months, approximately 30%H/+mice (compared to 5%+/+mice) can

are able to complete the traversal, H/+ mice show a higher severity score. +/+ m

(G) H/+ mice exhibit impaired performance on the elevated beamwalking test. H/+

two different diameters with increasing age relative to performance of age-match

exhibited progressively more foot faults with age. +/+ mice, n = 12; H/+ mice, n

(H) Spontaneous seizures in H/+ mice. Shown on the top is a representative exam

event. On the bottom are the summary data indicating the number of seizure even

includes two males and two females.

(I) H/+ mice at P16–P21 were susceptible to audiogenic seizure, either with a hig

stimulus (bottom; sonicator; +/+ mice, n = 17; H/+ mice, n = 20).

(J) H/+ mice are more sensitive to PTZ-induced kindling relative to their +/+ sibling

mice, n = 11; H/+ mice, n = 13. See also Figure S4. Data are presented as mean

Statistical analyses: unpaired Student’s t test (B, C, E, and F), two-way ANOVAwit

test, intensity: p = 0.0001, frequency: p = 0.1886 (I). *p < 0.05, **p < 0.01, ***p <
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age-dependent/progressive ataxia and increased seizure sus-

ceptibility, with epilepsy in a subset of mice at/after 4 months

of age. The major phenotypic differences observed in H/+ mice

are present in both male and female mice (Figure S4).

Progressive impairment of cerebellar granule cell
excitability and parallel fiber-to-Purkinje cell synaptic
transmission in H/+ mice
We attempted to link the behavioral abnormalities identified in

H/+ mice with underlying cellular and circuit dysfunction. Ataxia,

hindlimb clasping and impaired performance on the rotarod,

ledge test, and elevated beam walk test suggest cerebellar

pathology. As Kv3.1 is known to be prominently expressed in

cerebellar granule cells (CGCs),32,33 we performed targeted

whole-cell current-clamp recordings from CGCs in H/+, H/H,

and age-matched +/+ littermate controls at age P16–P20 and

in +/+ and H/+ mice at 2, 4, and 6 months old (Figures 4A and

4B; Tables S2, S3, and S4). We identified abnormal parameters

consistent with Kv3 channel dysfunction, including action poten-

tial broadening (measured as prolonged AP half-width, in ms;

Figure 4C), prolonged duration of the afterhyperpolarization

(measured from AP threshold to the depth of the fast afterhyper-

polarization [AHP], in ms; Figure 4D), and decreased maximum

instantaneous (Figure 4E) and steady-state firing frequency (in

Hz; Figure 4F). These abnormalities were more pronounced for

H/H than for H/+ mice at P16–P20 (beyond which time all H/H

mice were deceased), while such abnormalities persist to later

time points in surviving H/+ mice (Figures 4C–4F). In contrast,

we found no difference in passive membrane properties

(Table S2) other than an isolated difference in rheobase current

injection between H/+ and +/+ mice at the 4 month time point.

Kv3.1 is also expressed at parallel fiber synapses,33,34 and

synaptically localized Kv3 is known to regulate spike width at

the synaptic terminal, limiting spike-evoked calcium influx to

regulate short-term synaptic plasticity.25 To determine if synap-

tic transmission at the parallel fiber-to-Purkinje cell synapse was

affected in H/+ mice, we recorded evoked excitatory postsyn-

aptic currents (EPSCs) in Purkinje cells in response to extracel-

lular stimulation of parallel fibers (Figures 4G‒4L). We found a
susceptibility

type (A) with longer bouts of clasping (B). +/+ mice, n = 29; H/+ mice, n = 24.

ssed by paw-print analysis of gait. +/+ mice, n = 12; H/+ mice, n = 19.

creasingly impaired performance on the accelerating Rotarod relative to +/+ at

in the method details, each mouse was tested on the rotarod in 4 repeated test

(E).

not traverse the ledge of the home cage during the ledge test. Amongmice that

ice, n = 19; H/+ mice, n = 20.

mice made progressively more hindlimb foot faults while traversing a beam of

ed +/+ littermate controls (G). Shown is summary data indicating that H/+ mice

= 12. Each mouse walked on the elevated beam 3 times.

ple of an EEG trace from a 6-month-old H/+ mouse demonstrating a seizure

ts occurring each day during a 7 day recording period of four H/+ mice. Dataset

h-intensity (top; siren; +/+ mice, n = 48; H/+ mice, n = 53) or a high-frequency

s as demonstrated by the PTZ seizure threshold test (see STAR Methods). +/+

± SEM.

h �Sı́dák’s multiple comparisons test (D andG), Mantel-Cox test (J), and Fisher’s

0.001, and ****p < 0.0001. Exact p values can be found in Table S1.



Figure 4. Impaired cerebellar granule cell function in H/+ mice

(A) Cerebellar granule cells (CGCs) exhibit age-related impairments of intrinsic excitability in H/+ and H/H mice relative to +/+ mice.

(B) Representative voltage traces from +/+ (black), H/+ (red), and H/H (blue) CGCs obtained via whole-cell patch-clamp recordings in acute brain slice prepared

from mice age P16–P21 (top) and at 6 months of age (bottom). Shown on the left is the firing pattern at five-times rheobase current injection. Overlay of a single

action potential (right) illustrates spike broadening in H/+ and H/H mice.

(C‒F) Summary data for CGC properties dependent upon Kv3 function, including action potential half-width (C) and AHP duration (D), as well as maximum

instantaneous (E) and steady-state firing frequency (F) in response to a 600 ms depolarizing pulse. Abnormalities are apparent at P16–P21 between +/+ and H/H

(legend continued on next page)
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marked alteration of short-term synaptic plasticity—with less

facilitation—at parallel fiber synapses in H/+ mice relative to

WT controls at 6 months of age (Figures 4G‒4L): the ratio of

EPSC5/EPSC1 was 1.51 ± 0.09 in H/+ mice (n = 18) vs. 1.80 ±

0.13 in WT (n = 15, p = 0.08), while the ratio of EPSC10/EPSC1

was 1.40 ± 0.09 in H/+ mice vs. 1.87 ± 0.19 in WT (p = 0.006

vs. H/+ mice).

Abnormal excitability of neocortical GABAergic INs
and impaired IN-to-principal cell synaptic transmission
in H/+ mice
We next considered the cellular/circuit basis of the increased

susceptibility to seizure observed in H/+ mice. In the neocortex

and hippocampus, Kv3.1 is known to be specifically expressed

in PV-INs, with the most prominent expression of Kv3.1 in the

neocortex in PV-INs in layers 2/3 and 4.18 We performed record-

ings of PV-INs in layers 2–4 of the primary somatosensory

(‘‘barrel’’) neocortex of Kcnc1.PV-Cre.tdT triple-transgenic

mice and age-matched WT.PV-Cre.tdT littermate controls and

quantified a range of standardmeasures including passivemem-

brane properties, individual action potentials, and repetitive

firing (Tables S5–S7). PV-INs in H/H mice at P16–P21 displayed

abnormalities specifically in features known to depend on Kv3

channel function (Figures 5A–5F), including action potential

half-width (Figure 5C), duration of the fast, deep AHP (Figure 5D),

and maximal instantaneous (Figure 5E) and steady-state firing

frequencies (Figure 5F). Impairment of PV-INs was progressive

in H/+ mice (Figures 5C–5F) and persisted at 6 months

(Figures 5C–5F). However, immunohistochemistry showed no

loss of PV-INs in the sensorimotor neocortex in H/+ mice aged

6 months or older (Figure S5), suggesting that neocortical circuit

hyperexcitability is due to electrophysiological dysfunction of

PV-INs rather than selective PV-IN cell death.

Kv3.1 is also prominently expressed at PV-IN synapses.18,25,32

To assess the impact of the Kv3.1-Arg320His variant on PV-IN

synaptic transmission, we performed multiple whole-cell

patch-clamp recordings from identified tdTomato-positive PV-

INs as well as target excitatory principal cells in layers 2–4 of

the primary somatosensory neocortex, recording unitary evoked

inhibitory postsynaptic currents (IPSCs) in principle cells (in

voltage clamp) in response to action potentials in presynaptic

PV-INs (generated in current clamp; Figures 5G–5J). In acute

brain slices prepared from WT, H/+, and H/H mice aged

P16–P21, IPSCs were recorded in postsynaptic principal cells

using pipettes filled with an internal solution containing high

(63 mM) chloride (Cl) such that ECl = �17 mV and GABA-medi-

ated inhibitory postsynaptic potentials (IPSPs) were recorded

as depolarizations from resting membrane potential, while
mice and between +/+ and H/+mice at the 2 and 6month time points. P16–P21: H

H/+ mice, n = 23; 6 months: +/+ mice, n = 40; H/+ mice, n = 50.

(G‒L) Impaired short-term synaptic plasticity at the parallel fiber synapse in H/+

synaptic currents (EPSCs) in Purkinje neurons, the output neurons of the cerebellu

20 Hz in a brain slice prepared from 6-month-old +/+ (black) and H/+ (red) mice,

(eEPSC)X relative to the first eEPSC (eEPSC1). Data are mean ± SEM. +/+ mice,

Statistical analyses: P16–P21, one-way ANOVA with �Sı́dák’s multiple compariso

Whitney test (E and F), or two-way ANOVA with �Sı́dák’s multiple comparisons t

and experimental n can be found in Table S1.
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IPSCs were recorded as large inward currents in voltage clamp

at a holding potential of �80 mV. We stimulated presynaptic

PV-INs to discharge trains of repetitive action potentials at

various frequencies (20, 40, and 120 Hz) and identified enhanced

short-term synaptic depression in H/+ and H/H mice relative

to +/+ (Figure 5J). However, IPSC amplitude (Figure S6A) and la-

tency (Figure S6B) were the same between H/+ and +/+ mice.

The failure rates of the first and fifth IPSCs were not significantly

different between genotypes (Figures S6C‒S6H).

AUT00206 is a specific positive modulator of Kv3
channels, including those containing the p.Arg320His
variant subunit
Prior work in Xenopus oocytes showed that the human KCNC1-

p.Arg320His variant exerts loss of function via presumptive

dominant-negative action on tetrameric Kv3.1-containing K+

channels (Figure S9).2 We confirmed in a heterologous mamma-

lian cell system that Kv3.1-Arg320His produces a loss of channel

function (Figure S7). Currents were recorded fromHEK293T cells

expressing Kv3.1-WT (Figures S7A‒S7C), Kv3.1-Arg320His

(Figures S7D‒S7F), or WT + Arg320His (Figures 6A–6C) in a

1:1 ratio (the latter so as to better approximate the heterozygous

state of the variant in patients with EPM7). Kv3.1-Arg320His

leads to a �60% reduction in peak current density compared

to cells expressing WT channel subunits: current density was

508 ± 155 pA/pF at +40 mV for Kv3.1-Arg320His (n = 10) vs.

1,241 ± 88 pA/pF for WT (n = 15; p = 0.0002; unpaired Student’s

t test). Cells co-expressingWT + Arg320His-Kv3.1 channels also

led to a significant (44%) reduction in peak current density of

702 ± 175 pA/pF (n = 10; p = 0.006 vs. WT; unpaired Student’s

t test), suggesting that Kv3.1-Arg320His channel subunits could

lead to suppression of Kv3 current in mammalian cells. Given

these findings, we postulated that increasing Kv3 activity may

represent a viable therapeutic approach toward ameliorating

the cellular, circuit, and behavioral abnormalities identified in

H/+ mice.

We then tested the effect of a Kv3 positive modulator,

AUT00206 (Figure S1), on the function of Kv3 channels express-

ing Kv3.1-WT or Arg320His subunits. We found that 10 mM

AUT00206 produced a small increase in conductance and a left-

ward shift in the voltage dependence of activation curve for hu-

man KCNC1-p.Arg320His expressed in Xenopus oocytes (Fig-

ure S9). AUT00206 also produced a left shift in the voltage

dependence of activation curve of Kv3.1-WT expressed in

HEK293T cells: the V1/2 of activation was +13.1 ± 0.9 mV for

Kv3.1-WT + vehicle (n = 15) vs. �1.1 ± 1.9 mV after application

of 30 mM AUT00206 (n = 14; p < 0.0001; paired t test), and the

V1/2 of activation was 9.2 ± 1.4 mV for Kv3.1-Arg320His + vehicle
/H mice, n = 19; H/+mice, n = 39; +/+ mice, n = 27; 2 months: +/+ mice, n = 31;

mice. (G) Stimulation of the parallel fibers produces evoked excitatory post-

m. (H) Representative traces of evoked EPSCs in response to a 20 pulse train at

with overlay. (I) Synaptic ratio is calculated as the amplitude of evoked EPSC

n = 15; H/+ mice, n = 18. See also Tables S2–S4, S9, and S10.

n (C–F); 2 and 6 months of age: unpaired Student’s t test (C and D), Mann-

est (I). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Exact p values



Figure 5. Impaired excitability of neocortical PV-positive GABAergic interneurons in H/+ mice

(A) PV-positive GABAergic interneurons (PV-INs) show age-related abnormalities of intrinsic excitability. Shown are representative voltage traces from PV-INs

in +/+ (black), H/+ (red), and H/H (blue) mice at five-times rheobase current injection in acute brain slices from mice aged P16–P21 and 6 months old.

(legend continued on next page)
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(n = 13) vs. �2.4 ± 1.4 mV after application of 30 mM AUT00206

(n = 12; p < 0.0001; unpaired Student’s t test) (Figure S7). When

WT and Kv3.1-Arg320His were co-expressed in a 1:1 ratio, we

found that V1/2 was +13.6± 1.6mV forWT+ArgR320His (vehicle;

n = 13) vs. �1.3 ± 3.8 mV after application of 30 mM AUT00206

(n = 9; p = 0.0006; paired t test; Figure 6C). At�10 mV, peak cur-

rent increased an average of 2.5-fold with the application of

30 mM AUT00206, from 1,955 ± 356 pA/pF in vehicle (DMSO)

to 5,245 ± 1,297 pA/pF with AUT00206 (n = 9; p = 0.0112 via

paired Student’s t test; Figure 6B). Such data suggest that

Kv3.1-p.Arg320His leads to a partial loss of function in mamma-

lian cells and that the Kv3 current at physiologically relevant volt-

ages at/around the peak of the fast-spiking PV-IN action poten-

tial can be augmented by AUT00206.

AUT00206 enhances repetitive firing of CGCs and
neocortex PV-positive INs from H/+ mice and improves
motor function in vivo

Data presented thus far suggest that identified behavioral deficits

in H/+ mice, including ataxia and propensity to seizure, may be

linked at least in part to dysfunction of Kv3.1-expressing neurons

in the cerebellum and neocortex, secondary to decreased Kv3

current due to loss-of-function Kv3.1-Arg320His subunits. Since

the Kv3 current mediated by WT and variant Kv3.1-Arg320His

can be augmented with the Kv3-specific positive modulator

AUT00206,wenext testedwhetherAUT00206 improves identified

impairments in the cellular excitability of Kv3.1-expressing CGCs

in H/+mice.We performedwhole-cell recording of CGCs in acute

brain slices from 6-month-old H/+ and age-matched WT control

mice and found that bath application of 100 mM AUT00206 en-

hances repetitive firing of CGCs in both WT and H/+ mice

(Figures 6D and 6E), while vehicle control has no effect

(Figures S8A and S8B). Bath application of AUT00206 produced

no effect on the firing properties of non-Kv3-expressing neocor-

tical pyramidal cells (Figures S8C and S8D). We also found that

100 mM AUT00206 enhanced spike fidelity (the time-locking of

stimulus to action potential output) and following frequency (the

proportion of stimuli that succesfully generate action potentials)

of PV-INs35 in 6-month-old H/+ mice in response to high-fre-

quency stimulation (Figures 6F and 6G).

We then tested the effect of AUT00206 in vivo. Doses were

chosen based on previous studies that have shown central ef-

fects of AUT00206 in a range of rodent models following sys-

temic administration.36,37 Pharmacokinetic data for AUT00206

in H/+ mice were not available; however, the half-life of

AUT00206 following intraperitoneal (i.p.) dosing in C57BL/6J
(B) PV-INs were recorded in layers 2–4 of primary somatosensory neocortex.

(C‒F) Summary data for electrophysiological properties dependent upon Kv3 func

instantaneous (E) and steady-state firing frequency (F). P16–P21: H/+ mice, n =

n = 25. See Figure S4 for additional parameters.

(G‒J) Both H/+ and H/H showed impaired PV-IN:principal cell synaptic transm

whole-cell current-clamp recording of two PV-INs (cells 1 and 5) and 4 pyramid

from identified tdTomato-positive PV-INs as well as principal cells in layers 2–4 of

unitary inhibitory postsynaptic currents (uIPSCs) at 20, 40, and 120 Hz from acute

ratio is significantly lower in both H/+ and H/H mice relative to +/+ mice at 40 and

and S6–S10. Data are presented as mean ± SEM.

Statistical analyses: one-way ANOVA with �Sı́dák’s multiple comparison test at

6 months of age (C–F). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.001. Exa
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mice is 2–3 h (Autifony Therapeutics). Furthermore, the com-

pound is well tolerated over a range of doses in preclinical

models and in human studies, having completed long-term

toxicity studies in animals and assessment of safety and tolera-

bility studies in human subjects. We assessed the impact of

AUT00206 on the performance of 6-month-old H/+ and age-

matched WT mice on the rotarod and ledge tests. We found

that a single i.p. injection of AUT00206 at 30 mg/kg delivered

45–60 min prior to testing enhanced performance on the rotarod

(Figure S10A) and eliminated the difference betweenWT andH/+

mice (Figure 6H; WT vehicle vs. H/+ vehicle; p = 0.0151; WT

AUT00206 vs. H/+ AUT00206, p = 0.9326; via unpaired Stu-

dent’s t test). A single i.p. injection of AUT00206 at 30 mg/kg

also reduces the severity score of H/+ mice performance on

the ledge test (Figure S10B) and eliminates the difference be-

tween WT and H/+ mice (Figure 6I).

Toassess theeffectofAUT00206ontheseizurephenotypeofH/

+mice, we first tested the impact of AUT00206 on seizure suscep-

tibility in the PTZ seizure threshold test. Acute administration of

AUT00206 (30 mg/kg) at 45 min prior to each PTZ dose led to a

marked improvement in survival ofH/+mice, such that the propor-

tion of mice surviving or non-kindled at the experimental endpoint

was not different between treatedWTandH/+mice (Figure 6J;WT

vehicle vs. H/+ vehicle, p < 0.0001; WT AUT00206 vs. H/+

AUT00206,p=0.0986,viaMantel-Cox test).Subgroupanalysis re-

vealed no effect of sex on the efficacy of AUT00206 (Figure S11).

We then performed continuous video EEG on a cohort of

6-month-old H/+ mice and tested the response to AUT00206.

Overall seizure frequency among 19 H/+ mice was 4.4 ± 2.4 sei-

zures/day. Approximately one-third of 6-month-old H/+ mice ex-

hibited two or more spontaneous seizures during a 3 day moni-

toring period (Figure 6K), and we selected these mice for a

subsequent trial of AUT00206. We found that AUT00206 injected

at 30 mg/kg i.p. for 5 consecutive days led to a marked reduction

in seizure frequency (Figure 6L), with reduction observed in all 6

mice and a mean decrease from 13.9 ± 6.4 to 4.0 ± 2.1 per day

(p = 0.1441 via paired t test). 4 out of 6 mice exhibited no seizures

for each 3 h period postinjection across 5 days. 48 h after the last

injection of AUT00206 (AUT6; washout), 1 out of 6 mice was

deceased, while 5 of 5 remaining mice reverted to a pretreatment

seizure frequency of 7.2 ± 2.3 seizures/day.

DISCUSSION

EPMs are a group of ultrarare but devastating neurological disor-

ders, characterized by onset and progression of myoclonus
tion, including action potential (AP) half-width (C), AHP time (D), and maximum

11; H/+ mice, n = 22; +/+ mice, n = 25; 6 months: H/+ mice, n = 29; +/+ mice,

ission at P16–P21. (G) Representative voltage traces obtained via multiple

al cells (cells 2, 3, 4, and 6). (H) Multiple simultaneous whole-cell recordings

the primary somatosensory neocortex. (I) Representative examples of evoked

brain slices prepared from +/+, H/+, and H/Hmice at P16–P21. (J) Paired-pulse

120 Hz. H/H mice, n = 8; H/+ mice, n = 17; +/+ mice, n = 11. See also Tables S1

P16–P21 (C–F and J) and unpaired Student’s t test or Mann-Whitney test at

ct p values and experimental n can be found in Table S1.



Figure 6. AUT00206 modulates Kv3 current, enhances CGC excitability, and improves motor function and seizure susceptibility of H/+ mice

(A‒C) HEK293T cells co-transfected with Kv3.1-WT and Kv3.1-Arg320His variant at a 1:1 ratio. Shown in (A) are families of currents generated in response to

voltage steps from �40 to +40 mV in increments of 5 mV from a holding potential of �80 mV. (B) Overlaid currents generated in response to voltage steps

to �10 mV (indicated by a star [+] in A) under control conditions (light blue), after application of 10 and 30 mM AUT00206 (dark blue), and after washout (black;

overlaid with control trace). AUT00206 (AUT6) produces a leftward shift in the conductance-voltage (G-V) plot and increased current/conductance at relevant

voltages (C). DMSO, n = 13; 10 mM, n = 12; 30 mM, n = 12; 100 mM, n = 9; washout, n = 6.

(D) Representative traces of CGC firing from 6-month-old mice before/after bath application of 100 mM AUT6.

(E) Current-frequency (I-f) curves show increased excitability of CGCs from both +/+ and H/+ mice with application of AUT6. +/+ mice, n = 20; H/+ mice, n = 20.

(legend continued on next page)
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and epilepsy, often accompanied by tremor and ataxia, in previ-

ously healthy children, adolescents, and young adults, with

relentless neurological deterioration leading to loss of ambula-

tion and functional limb use, severe disability, and, in some

cases, early death. The gene variants associated with many

types of EPM have been identified. Yet, even when a specific ge-

netic diagnosis can be made, EPMs are largely intractable to

currently available treatments, which have limited symptomatic

benefit. Thus, further studies into disease pathomechanisms

are urgently required to drive the development of novel treat-

ments and, ideally, targeted therapeutic approaches that

address the underlying molecular defect or resulting cellular or

circuit dysfunction. Such approaches may offer greater potential

for treatment efficacy and, if administered early enough in the

disease course, could modify or even prevent disease

progression.

Disease mechanisms of EPM7
EPM7 is due to the recurrent variant KCNC1 c.959G>A

(p.Arg320His), which—unique among all EPMs—encodes an ion

channel pore-forming subunit. The recent cryoelectron micro-

scopy (cryo-EM) structure of human Kv3.1a provides insight into

the molecular mechanism whereby this might occur, suggesting

that the positively charged arginine at position 320 forms an elec-

trostatic interactionwith Asp282 in S3 and participates in a cation-

p interaction with the aromatic ring of Phe256 in S2, whichmay be

disrupted via mutation to histidine to impact gating.38 EPM7 is

characterized by the combination of epilepsy and progressive ac-

tion and reflex myoclonus along with tremor and ataxia, with

neurological decline leading to loss of ambulation and functional

limb use. Most or all patients with EPM7 have epilepsy, although

seizure frequency is low (particularly during the chronic/plateau

phase of the disorder in adults) and is not considered the most

debilitating aspect of the disorder; however, patients typically

remain on a chronic regimen of conventional anti-seizure medica-

tions in an attempt to manage myoclonus. Prior work has shown

the KCNC1-p.Arg320His variant causes a near-complete loss of

function in Xenopus oocytes (see Figures S9A‒S9C) and a puta-

tive dominant-negative effect when co-expressed with WT Kv3.1

subunits.2,3 Our data confirm the general loss-of-function effect of

the Kv3.1-Arg320His variant but suggest only a partial loss. The

basis for this discrepancy is unknown but may relate to differ-

ences in expression of Kv3-interacting proteins between heterol-

ogous cell systems. However, it is clear from our studies that even

a partial loss of function with dominant-negative action is suffi-
(F) Representative traces of action potentials of PV-INs in response to repetitive

(G) Summary plot of PV-IN firing fidelity in response to 40 and 80 Hz repetitive stim

n = 8.

(H) A single i.p. injection of 30 mg/kg AUT6 improves performance on the rotarod.

Each mouse received 4 test sessions on the rotarod. Shown here is the average

(I) A single i.p. injection of 30 mg/kg AUT6 improves performance on the ledge tes

(J) Acute i.p. injections of 30 mg/kg AUT6 delivered 45–60 min prior to PTZ adm

lines, +/+ vehicle (gray) and +/+ AUT6 (black), are completely superimposed. H/+

(K) Continuous video EEG detected baseline spontaneous seizures (2 or more se

(L) Summary of average seizure frequency per day during baseline monitoring (v

spontaneous seizures. See also Figures S7–S11 and Table S1. Data are mean ±

Statistical analyses: two-way ANOVAwith �Sı́dák’smultiple comparisons test (E), p

**p < 0.01, ***p < 0.001, and ****p < 0.001. Exact p values and experimental n ca
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cient to significantly alter the firing properties of native Kv3.1-ex-

pressing neurons, such as CGCs and neocortical PV-INs.

Targeted modulation of Kv3 for treatment of EPM7
All prior studies of the KCNC1-p.Arg320His variant have been

undertaken in vitro in heterologous cells or primary neurons in

culture via overexpression of Kv3.1.39 Hence, we generated a

H/+ mouse model via CRISPR-Cas9, which we show to reca-

pitulate the core clinical features of EPM7, including progres-

sive ataxia and susceptibility to seizure. H/+ mice do not

exhibit a severe epilepsy phenotype, similar to human pa-

tients; however, H/+ mice do exhibit audiogenic seizures at

P16–P21, a lowered threshold for PTZ kindling, handling-

induced seizures starting at/around 4 months of age observed

during standard colony maintenance (data not shown), and

spontaneous seizures in at least a subset of mice at/beyond

6 months of age. We explored the cellular- and circuit-level

basis for this neurological dysfunction and identified impaired

firing as well as altered properties of individual action poten-

tials and of synaptic transmission by Kv3.1-expressing neu-

rons in relevant brain areas linked to EPM7 pathology in H/+

mice, including neocortical PV-INs and CGCs. Prior work

showed that the small-molecule Kv3 activator RE01 (AUT1,

Autifony Therapeutics) increases Kv3 currents mediated by

both WT Kv3.1 and Kv3.1-Arg320His.40 We tested a more

specific Kv3 channel modulator, AUT00206, which we show

increases activity of K+ channels containing WT and variant

Kv3.1-Arg320His in heterologous systems, improves cellular

dysfunction of Kv3.1-expressing CGCs in H/+ mice, and ame-

liorates ataxia, seizure susceptibility, and epilepsy in H/+ mice

in vivo. However, the precise mechanism whereby AUT00206

enhances function of Kv3.1-expressing neurons in H/+ mice

may not be entirely clear. It should be noted that AUT00206

acts as a potent and specific positive modulator of WT Kv3

channels and increases the firing frequency of WT cerebellar

granule neurons in addition to neurons from H/+ mice. We

found that the effect of AUT00206 was observed following

co-injection in Xenopus oocytes and after co-transfection of

HEK293T cells with Kv3.1-WT and Kv3.1-Arg320His

(Figures 6A–6C, S7D‒S7F, and S9F). AUT00206 also en-

hances currents mediated by K+ channels composed of ho-

momeric WT Kv3.1 subunits. In native neurons, Kv3 channels

are tetramers, likely heterotetrameric assemblies of different

Kv3 subunits (e.g., Kv3.1–3.4), or, in the case of EPM7, a

mixture of WT and variant Kv3.1 subunits, along with other
stimulation at 40 Hz before/after bath application of 100 mM AUT6.

ulation before and after bath application of 100 mM AUT6. 40 Hz, n = 8; 80 Hz,

H/+ mice: vehicle, n = 9; AUT6, n = 15. +/+ mice: vehicle, n = 12; AUT6, n = 16.

of the 4 test sessions.

t. H/+ mice: vehicle, n = 7; AUT6, n = 10. +/+ mice: vehicle, n = 7; AUT6, n = 11.

inistration attenuates kindling epileptogenesis in H/+ mice. Note that the two

mice: vehicle, n = 6; AUT6, n = 10. +/+ mice: vehicle, n = 7; AUT6, n = 11.

izures in 72 h) in 6 out of 19 mice.

ehicle, without AUT6) and drug delivery phase (with AUT6) in the 6 mice with

SEM.

aired t test (G and L), unpaired t test (H and I), andMantel-Cox test (J). *p < 0.05,

n be found in Table S1.
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non-Kv3.1 Kv3 subunits. It is probable that native neurons in

patients with EPM7 express a diversity of Kv3 channels con-

taining such subunits at different ratios. Thus, we cannot be

certain as to whether effects of AUT00206 in H/+ mice are pre-

dominantly due to action on Kv3 channels containing Kv3.1-

Arg320His subunits and/or on WT channels.

Both CGCs and neocortical PV-INs from H/+ mice showed

impaired firing properties, consistent with decreased net Kv3.1

current; however, Kv3.1-expressing neurons in other brain re-

gions were unaffected, at least at P16–P21. Specifically, we re-

corded Kv3.1-expressing PV-INs in the hippocampus, reticular

thalamic nucleus, auditory neocortex, and inferior colliculus in

H/+ mice and found no significant genotype-related differences

in these brain areas (Tables S8–S10). The basis of any region-

specific dysfunction is also unclear butmay relate to the differen-

tial co-expression of other Kv3 subfamily members41 and/or

regional differences in compensatory mechanisms. Future

work will evaluate these brain areas and cell types—including

Kv3-expressing cerebellar molecular layer INs not included in

this study—including at later time points, and it is predicated

that, for example, PV-INs in the hippocampus will likely exhibit

similar pathology if examined at later time points. It is of interest

to note that the phenotype of H/+ mice is more severe than that

seen in Kcnc1�/� (Kv3.1-knockout) mice,42 suggesting that a

seemingly more subtle missense variant can be more detri-

mental than deletion, perhaps via dominant action on heterote-

trameric channels or via ‘‘escape’’ of compensation. For

example, Kv3.3-knockout mice have no obvious motor abnor-

malities, while Kv3.1/Kv3.3-double-knockout mice have marked

tremor and severe ataxia;43 Kv3.1 and Kv3.3 channels appear to

reciprocally compensate for one another in constitutive single-

gene-knockout mice.44

Limitations of the study
While we identified a cellular and circuit basis of dysfunction in

a preclinical experimental mouse model of EPM7, the mecha-

nism of progression remains unknown. Cellular dysfunction

(evident by P16–P21) appears to lead to the appearance of

behavioral deficits (at age 2–4 months) and is consistent

with the known developmental expression pattern of Kv3.1

in mouse, where Kv3.1 protein does not appear until P10 or

later. However, we did not observe any difference in brain

size or reduction in the size of the cerebellum, thickness of

the layers of the cerebellar cortex, or density of Purkinje cells

in the cerebellum, nor did we find reduction of neocortical PV-

IN cell numbers. Future work may test whether more pro-

longed administration of AUT00206 or modulation of Kv3.1-

expressing fast-spiking neurons could be neuroprotective or

preventative in H/+ mice, particularly if administered from an

early age.

Conclusion
The H/+ mouse model recapitulates the core clinical phenotype,

and is a valuable tool for the study, of EPM7. Kv3.1-expressing

neurons in the neocortex and cerebellum exhibit specific impair-

ments consistent with decreased Kv3 function. A Kv3 positive

modulator, AUT00206, increases Kv3 channel open probability

and thus directly counteracts the impact of the Arg320His
variant, leading to recovery of fast spiking in Kv3.1-expressing

neurons in H/+ mice. At a behavioral level, these effects of

AUT00206 translate to improvement of cerebellar dysfunction

and a reduction in the propensity of H/+ mice to seizure in vivo.

Such results suggest the therapeutic potential of Kv3 positive

modulators for the treatment of EPM7 and potentially other

forms of EPM as well as other Kv3 ion channelopathies. A

clinical trial evaluating the effects of a related Kv3 positive modu-

lator, AUT00201, in patients with EPM7 is currently underway

(ClinicalTrials.gov: NCT05873062).
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N/A
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Experimental models: Organisms/strains

C57BL/6J Jax RRID:IMSR_JAX:000664

B6.129P2-Pvalbtm1(cre)Arbr/J Jax RRID:IMSR_JAX:017320

Rosa-CAG-LSL-tdTomato Jax RRID:IMSR_JAX:007914

Software and algorithms

Pclamp 10 Clampfit N/A

GraphPad Prism 9 GraphPad RRID:SCR_002798

MATLAB Mathworks 2021a
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HD-X02 Data Sciences International, Inc. N/A

Ponemah Data Sciences International, Inc. N/A

NeuroScore Data Sciences International, Inc. N/A
RESOURCE AVAILABILITY

Lead contact
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Goldberg (goldberge@chop.edu).

Materials availability
Materials generated in this study may be made available upon request. Kcnc1-p.Arg320His/+ mice generated in this study will be

made available on request to the lead contact, EthanM. Goldberg (goldberge@chop.edu), at The Children’s Hospital of Philadelphia,

but may require a payment and/or a completed Materials Transfer Agreement if there is potential for commercial application. For

AUT00206, requests may be addressed to Charles H. Large (charles.large@autifony.com).

Data and code availability
All data are present in the manuscript or in the Supplementary Materials. This paper does not report original code. Any additional

information required to reanalyze the data reported in this paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals
All procedures and experiments were approved by the Institutional Animal Care and Use Committee at The Children’s Hospital of

Philadelphia and were conducted in accordance with the ethical guidelines of the National Institutes of Health. Male and female
e1 Cell Reports Medicine 5, 101389, February 20, 2024

mailto:goldberge@chop.edu
mailto:goldberge@chop.edu
mailto:charles.large@autifony.com


Article
ll

OPEN ACCESS
mice were used in equal proportions. After weaning at P21, mice were group-housed with up to fivemice per cage andmaintained on

a 12-h light/dark cycle with ad libitum access to food and water.

Mouse strains used in this study included: wild-type C57BL/6J (RRID: IMSR_JAX:000664), Kcnc1-p.Arg320His/+ (H/+

heterozygous) and Kcnc1-p.Arg320His/Arg320His (H/H; homozygous) mice on a C57BL/6J background; PV-Cre mice (B6.129P2-

Pvalbtm1(cre)Arbr/J; RRID:IMSR_JAX:017320; on a C57BL/6J background); and tdTomato reporter/Ai14 mice (Rosa-CAG-LSL-

tdTomato; RRID:IMSR_JAX:007914; on a C57BL/6J background). Female PV-Cre.tdT double homozygotes were crossed to male

C57.Kcnc1-p.Arg320His/+ mice to generate Kcnc1.PV-Cre.tdT triple transgenic mice and WT.PV-Cre.tdT age-matched littermate

controls on the same genetic background (back-crossed to C57BL/6J for at least 10 generations). The genotype of all mice was

determined via PCR performed on tail snips obtained at P8 and was re-confirmed for each mouse after they were sacrificed for slice

preparation or at experimental endpoint.

Pharmacology
AUT00206 (AUT6, or 5,5-dimethyl-3-[2-(7-methylspiro[2H-benzofuran-3,10-cyclopropane]-4-yl)oxypyrimidin-5-yl]imidazolidine-2,4-

dione; Figure S1), was provided by Autifony Therapeutics Limited (Stevenage, UK). AUT6 was previously reported in other publica-

tions.36,45–48 AUT6 used for in vivo studies was prepared in a suspension containing 20%byweight Captisol (a modified cyclodextrin;

Captisol, Inc.), 0.5%weight by volume hydroxypropyl-methylcellulose K15M (Sigma-Aldrich), and 0.5%weight by volume Tween-80

(Sigma-Aldrich) in sterile water. For in vitro studies, AUT00206 was prepared as a 1 M stock solution in DMSO and further diluted to

the required concentration. All final DMSO concentrations for in vitro studies was 0.01%. All control experiments in vitro and in vivo

were performed with the identical concentration of vehicle.

METHOD DETAILS

Behavioral assays of motor function
All animals were habituated in the testing room for at least 30 min prior to performance of any behavior test. Unless specified,

AUT00206 at 30 mg/kg or vehicle control was given via i.p. injection 45–60 min prior to all tests of motor function.

Motor coordination was tested on an accelerating Rotarod (MED Associates, Inc.; Vermont, USA) following an established proto-

col.49 Baseline performance was tested one week prior to the treatment trial. After two training sessions at a constant speed (6 rpm;

2min), four 5-min trials were performed with a 2-min inter-trial interval. During these trial sessions, mice were placed on a rotating rod

that accelerated from 6 to 60 rpm in 5 min, and time to fall was recorded.

For the Elevated BeamWalk Test, micewere placed at one end of a 1.5m long X 1.0 or 0.75 cmdiameter beamplaced between two

platforms located 30 cm above the floor. Mice were recorded by video as they traversed the beam, and footfalls were counted post-

hoc, blind to genotype. Trials were repeated 3 times per mouse, with a 5-min interval between trials.50

The Tail Suspension Test measured the presence or absence of the normal extension reflex of the hind limbs typically observed

when a mouse is suspended by its tail. Hindlimb clasping is a sensitive marker of cerebellar dysfunction or degeneration in mouse

models, including cerebellar ataxia.51,52 The mouse was gently removed from the home cage and suspended by the tail for 25 s. The

entire session was video recorded. The total duration of hindlimb clasping was documented.

The Ledge Test is another measure of coordination that is a measure of impaired coordination in mice with cerebellar ataxia.52,53

Briefly, mice are lifted from the cage floor and placed on the edge of the home cage. Eachmouse thenwalks from one end of the cage

to the other along the ledge for three trials, with performance recorded via video. All tests were scored on a scale of 0–3: a score of 0,

themousewalks along the ledgewithout loss of balance; 1, themouse loses its footing while walking along the ledge but does not fall;

2, amouse does not effectively use its hind legs, and/or is unable to land on its paw(s) when descending the ledge into the cage; 3, the

mouse falls off the ledge while traversing the ledge.52

Paw-Print Analysis is amethod to assess gait and identifies gait impairment inmicewithmotor dysfunction.54,55 Briefly, to obtain at

least five sets of paw prints from both front and hind paws, a runway was set up using a piece of white paper (13.97 cm3 96.52 cm),

with a dark goal box at the distal end of the paper, and walls on both side of the runway. Prior to applying ink to mouse’s paws, each

mouse was allowed three training sessions to reach the goal box. In the test session, the forepaws of the mouse were labeled with

green inkwhile the hind pawswere labeledwith red ink. Thenmouse is immediately put on the proximal end of the paper to walk to the

goal box. Gait parameters were obtained as per established protocols.54

Pentylenetetrazol (PTZ) seizure threshold test
A PTZ kindling protocol was performed as described to assess kindling epileptogenesis.56 Briefly, PTZ was administered once every

other day for 24 days at 30 mg/kg starting at P30. Mice were monitored for 30 min for behavioral signs of seizure as described by the

modified Racine scale.56–58 This subthreshold PTZ dose was titrated to never elicit seizure on the first injection in wild-type mice

regardless of sex or strain and to lead to kindling epileptogenesis in approximately 50% of mice after 12 doses. Sensitization was

defined as death or two sequential sessions with a tonic-clonic (stage 5) seizure.58 The number of injections to reach a sensitized

state for each mouse was reported in survival curves. AUT00206 at 30 mg/kg or vehicle was given through oral gavage at

45–60 min before PTZ injection (i.p.) on the same day.
Cell Reports Medicine 5, 101389, February 20, 2024 e2
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Audiogenic seizures
To test for the presence of high-intensity sound-induced audiogenic seizures, mice age P18-20 were placed in a custom-made cy-

lindrical Plexiglass chamber (40 cm in diameter and 50 cm in height) with a siren mounted inside the lid. Sound was delivered at

130 dB for 1 min59 and mice exhibited an all-or-nothing generalized tonic-clonic (stage 5) seizure.

To test for high frequency sound-induced audiogenic seizures, mice at P18-20 were placed in a holding chamber and subjected to

ultrasonic noise (Branson 200) as described previously,60,61 until the animal exhibited a seizure, or 50 s expired.

EEG recordings
Continuous video EEG recording was performed with a wireless EEG recording system (Data Sciences International, St. Paul, MN).

The surgical procedure was similar to published protocols.62 Briefly, mice were anesthetized with isoflurane, and four burr holes (two

in each hemisphere) were made through the skull corresponding to the motor and barrel cortex. A telemetry device containing four

electrode leads (DSI HD-X02) was placed subcutaneously on the back. 4 mm of insulation was removed from the ends of the positive

and negative leads. Then, a V-shape bend was made manually in the coiled wires to create a flat terminal end, which was inserted

through the burr holes to create contact with the dura. Electrodes were secured to the skull using quick adhesive cement (C&B-Me-

tabond, Parkell Inc, Brentwood, NY). The incision was then sutured (Pivetal WEBCRYL Sutures, Patterson Veterinary, Houston, TX),

and OTCGenerics Triple Antibiotic Topical Ointment (Patterson Veterinary, Houston, TX) was applied to the scalp surface to facilitate

wound healing. Animals were then returned to single-housed cages and were given hydrogel to facilitate recovery overnight. Syn-

chronized video and EEG monitoring of the mice was conducted using the Ponemah Software System (DSI, St Paul, MN) according

to the experimental design. Acquisition frequency for EEGwas 500Hz. For the AUT00206 treatment trial, three days of baselinemoni-

toring was conducted. Then, EEG signals were analyzed immediately using NeuroScore (DSI) to determine whether spontaneous

seizure was observed. Only mice with two or more detected seizures in 72 h were included in the AUT6 treatment study.

Cell culture and transfection
Cell culture, transfections, and ion channel electrophysiology experiments were performed using HEK-293T cells. Cells were grown

at 37�Cwith 5%CO2 in Dulbeccomodified Eagle medium supplemented with 10% fetal bovine serum, 2mML�glutamine, and peni-

cillin (50 U/mL)–streptomycin (50 mg/mL). HEK-293T cells were co-transfected with 0.1 mg of p.GFP-IRES reporter construct and

0.2 mg total of pcDNA3.1-KCNC1 (reference sequence NM_001112741.2) and WT vs. p.Arg320His vs. WT + KCNC1-p.Arg320His

in a 1:1 ratio using 10 mL of PolyFect transfection reagent (QIAGEN) in 35-mm culture dishes following the manufacturer’s instruc-

tions. Cells were then incubated for 24h after transfection prior to electrophysiological recording. Transfected cells were then trypsi-

nized and seeded on 35mmdishes to a density allowing single GFP-positive cells to be identified and targeted for recording. After 4 h

at 37�C in 5% CO2, cells were washed once with extracellular Tyrode solution for 5 min prior recording.

Voltage-clamp recording of ionic currents
Voltage-clamp recordings of HEK-293T cells were carried out in the whole cell configuration at room temperature (�22�C). Whole-

cell patch clamp was performed at room temperature using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) in an

extracellular Tyrode’s solution consisting of the following: 150 mM NaCl, 2 mM KCl, 1.5 mM CaCl2, 2 mM MgCl2, 10 mM HEPES

and 10 mM glucose; pH was adjusted to 7.4 with NaOH. Intracellular solution contained, in mM: 125 KCl, 25 KOH; 1 CaCl2, 2

MgCl2, 4 Na2-ATP, 10 EGTA, 10 HEPES, with pH adjusted to 7.2 with KOH and osmolarity to 305 mOsm/L with sucrose. Patch pi-

pettes were fashioned from thin-walled borosilicate glass (Harvard apparatus, Holliston, MA) and fire-polished (Zeitz) to a resistance

of 1.7–2.5MU in the whole cell configuration. Currents were filtered at 5 kHz (�3 dB, eight-pole low-pass Bessel filter) and digitized at

30 kHz (Digidata 1550B). Data were acquired using Clampex and analyzed with Clampfit 11.1 (Axon Instruments, San Jose, CA). Po-

tassium currents weremeasured by performing 100m step depolarizations to between�40 and +40mV in increments of 5mV from a

holding potential of �80 mV, and the current–voltage relation was constructed; this was followed by a 100 m pulse to �40 mV to

facilitate measurement of tail current. Conductance was normalized, plotted against voltage, and fit with a Boltzmann function to

determine V1/2 of activation.

Heterologous expression in Xenopus oocytes and two-electrode voltage clamping (TEVC) experiments were conducted and

analyzed as reported previously.38 Oocytes were harvested in accordance with a protocol approved by the IACUC at Thomas Jef-

ferson University. AUT00206 was dissolved in extracellular recording solution at the desired final concentration and applied to the

oocyte in the recording chamber by means of a gravity-driven perfusion system. All TEVC recordings were conducted at room tem-

perature (22�C–24�C).

Acute brain slice preparation
Mice were deeply anesthetized with 5% isoflurane in oxygen and transcardially perfused with ice-cold protective recovery solution63

containing, (in mM): KCl, 2.5; NaHPO4, 1.25; HEPES: 20; N-Methyl-D-glutamine (NMDG), 93; L-ascorbic acid (sodium salt), 5; thio-

urea, 2; sodium pyruvate, 3; CaCl2, 0.5; MgSO4, 10; D-glucose, 25; N-acetyl-L-cysteine, 12; NaHCO3, 30; with pH adjusted to 7.30

with HCl and osmolarity adjusted to 310 mOsm, and equilibrated with 95% O2 and 5% CO2. The brain was rapidly removed to cold

recovery solution, then blotted dry and glued to the platform of a Leica VT-1200S vibratomewith cyanoacrylate glue and sectioned at

300 microns. Slices recovered in the same solution for 30 min at 32�C and were then maintained at room temperature for up to 3 h
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prior to recording. Slices were transferred to the stage (Scientifica) of an upright microscope (Leica DM-6) and perfused at 3 mL/min

with standard (recording) artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl, 125; KCl, 2.5; MgSO4, 2; NaH2PO4, 1.25;

CaCl2, 2; D-glucose, 20; NaHCO3, 26, using a pump (Gilson Minipuls 3). Solution was bubbled continuously with carbogen to main-

tain a pH of 7.30 and warmed to 30 ± 1�C using an in-line heater.

Electrophysiological recordings in acute brain slice
Cerebellar granule cells and Purkinje cells were identified by location andmorphology under infrared differential interference contrast

(IR-DIC). PV-INs from layer 2–4 primary somatosensory cortex were identified by tdTomato expression in PV-Cre.tdT mice and visu-

alized with epifluorescence. Patch pipettes were pulled from borosilicate glass (Sutter) using a two-stage pipette puller (Narishige)

and filled with intracellular solution containing (in mM): K-gluconate, 130; KCl, 6.3; MgCl2, 2; HEPES, 10; EGTA, 0.5;

Phosphocreatine-Tris2, 10; ATP-Mg; 4; GTP-Na, 0.3; pH was adjusted to 7.30 with KOH, and osmolarity adjusted to 290 mOsm. Pi-

pettes with a resistance of 3–4 MU when filled were used to record cerebral cortex PV-INs, pyramidal cells, and cerebellar Purkinje

cells; pipettes with a resistance of 6–8 MU when filled were used to record cerebellar granule cells.

For analysis of unitary synaptic transmission, post-synaptic cells were recorded with an internal solution containing (in mM):

K-gluconate, 65; KCl, 65; MgCl2, 2; HEPES, 10; EGTA, 0.5; Phosphocreatine-Tris2, 10; ATP-Mg; 4; GTP-Na, 0.3; pH 7.30 and osmo-

larity 290 mOsm. Unitary IPSCs were obtained via 2–6 simultaneous patch clamp recordings from neurons located within 100 mm of

one another in slices from young mice (P16-21) and recorded as inward currents from a holding potential of �80 mV. Voltage was

sampled at 100 kHz with pClamp software and a MultiClamp 700B amplifier (Molecular Devices), low-pass filtered at 10 kHz, and

digitized using a DigiData 1550B. Recordings were discarded if the cell had an unstable resting membrane potential and/or a mem-

brane potential greater (less negative) than �55 mV, or if access resistance increased by > 20% during the recording. We did not

correct for liquid junction potential.

To record evoked EPSCs in Purkinje cells, parallel fibers were stimulatedwith a bipolar stimulating electrode fashioned from a theta

glass pipette positioned at the surface of the slice in the central third of the cerebellar molecular layer. Trains of pulseswere generated

by a Master-9 Programmable Pulse Stimulator (A.M.P.I.; Jerusalem, Israel). A train of 200 ms pulses was generated at 20 Hz for 1 s

(i.e., 20 pulses). Identical stimulus parameters and pipettes were used between experiments to achieve comparable numbers and

density of active parallel fibers, and recordings were performed blind to genotype.

Immunohistochemistry
Mice were deeply anesthetized with isoflurane, then transcardially perfused with 10–15 mL of 4% paraformaldehyde (PFA) in PBS

and postfixed for 24 h. 50 mm coronal sections through sensorimotor neocortex were cut using a vibratome (Leica VT1200S). After

washing in PBS, the slices were incubated in blocking solution (5% normal goat serum, 0.3% Triton X-100 in PBS) for 1 h at room

temperature to decrease nonspecific staining, and then washed in PBS. The sections were then transferred into primary antibody

solution containing rabbit Calbindin D-28K antibody (1:1000; Swant CB38) in blocking solution at 4�C overnight. Next, sections

were washed 3 times with 0.1% Triton X-100 in PBS and incubated with secondary antibody Alexa Fluor 555 (1:1000; Thermo Fisher

A21428) and 4 ng/mL DAPI (Thermo Fisher, D3571) in blocking solution for 2h at room temperature and then washed 3 times with

0.1% Triton X-100 in PBS and 1 time in milliQ H2O. Sections were finally mounted on glass slides and coverslipped using

ProLong Gold Antifade Mountant (Life Technologies P36939). 5 mm thick z stack images were acquired at 1 mm intervals using a

confocal microscope (Leica SP8) equipped with 20X and 40X objectives. Image processing was performed with LAF (Leica) and

ImageJ software (NIH, USA).

Data analysis
All electrophysiological analysis, if not specified, was performed manually in Clampfit or using custom routines written in MATLAB.

Resting membrane potential (Vm) was calculated using the average value of a 600 ms or 1 s sweep with no direct current injection.

Input resistance (Rm) was calculated using the slope of the response to hyperpolarizing current injections near rest using Rm = V/I. AP

threshold was calculated as the value at which the derivative of the voltage (dV/dt) first reached 10 mV/ms. Spike height refers to the

absolute maximum voltage value of an individual AP, while spike amplitude was calculated as the difference between spike height

and AP threshold for a given AP. AP rise time is the time fromAP threshold to the peak of the AP. AP half-width (AP½-width) is defined

as the width of the AP (in ms) at half-maximal amplitude. AP afterhyperpolarization (AHP) amplitude is calculated as the depth of the

afterhyperpolarization (in mV) relative to AP threshold. AHP time is calculated as the time from AP threshold to the maximum (most

negative) depth of the fast, deep AHP, characteristic of PV-INs. Unless indicated, all quantification of single spike properties was

done using the first AP elicited at rheobase, or, for PV-INs with a delay to first spike (Goldberg et al., 2008), for the first spike during

repetitive firing. Rheobase was determined as the minimum current injection that elicited action potentials using a 600 ms sweep at

2 pA intervals for cerebellar granule cells and 50 pA intervals for neocortical PV-INs and pyramidal cells. Maximal instantaneous firing

was calculated using the smallest interspike interval (ISI) elicited during trains of action potentials in response to near-maximal cur-

rent injection. Maximal steady-state firing was defined as the maximal mean firing frequency during the last 300 ms of a suprathres-

hold 600 ms current injection, with a minimum requirement for a spike being an amplitude of 40 mV with a clear AP threshold of dV/dt

greater than 10 mV/ms and height overshooting at least 0 mV.
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The amplitude of the unitary E or IPSCwas calculated as the difference between baseline and peak from the average of 20 consec-

utive sweeps obtained with a 15 s inter-sweep interval to facilitate recovery from short-term synaptic depression or facilitation. The

paired pulse ratio (PPR) was calculated from this data as the ratio of the second (PSC2) to the first PSC. At 40 and 120 Hz, the ampli-

tude of the subsequent PSCs in the train was calculated as the difference between the peak amplitude and the extrapolation of the

single exponential fit to the decay of the preceding PSC. Unitary PSC failure was defined as the absence of a transient current greater

than 5 pA occurring within 5 ms after the presynaptic AP.

EEG data is analyzed using spike train detector module in NeuroScore software. The spikes are detected by scanning EEG signal

for amplitude changes crossing a set threshold. A continuous series of detected spikes over a defined time period were defined as a

spike train. The minimum spike train duration is set to 5 s. All the detected spike trains along with the recorded videos are manually

confirmed as seizures via review of video and EEG.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless indicated, all comparisons between +/+, H/+, and H/H were performed using one-way ANOVA with post-hoc �Sı́dák’s Test to

correct for multiple comparisons. Comparisons between +/+ and H/+ were performed using an unpaired Student’s t test if the data

passed a D’Agostino & Pearson Test; otherwise, aMann-Whitney Test was used. For pharmacological data (before/after AUT00206),

a paired t-test was used. Survival curves from the PTZ kindling study or mouse survival based on genotypes were analyzed with a

Mantel-Cox Test. Statistical tests and plots were performed using GraphPad Prism 9 (RRID:SCR_002798). Statistical significance

was defined as p < 0.05 after post-hoc correction with the p value reported exactly. All average values are Mean ± SEM. Numbers

for mice (N) and cells and synaptic connections (n) are reported in the Figure legends and in Table S1.
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