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Abstract

Objective—Mutations in KCNT1 have been implicated in autosomal dominant nocturnal frontal
lobe epilepsy (ADNFLE) and epilepsy of infancy with migrating focal seizures (EIMFS). More
recently, a whole exome sequencing study of epileptic encephalopathies identified an additional de
novo mutation in one proband with EIMFS. We aim to investigate the electrophysiological and
pharmacological characteristics of hKCNT1 mutations and examine developmental expression
levels.

Methods—Here we use a Xenopus laevis oocyte based automated two-electrode voltage-clamp
assay. The effects of quinidine (100 and 300 uM) are also tested. Using quantitative RT-PCR, the
relative levels of mouse brain mKcntl mRNA expression are determined.

Results—We demonstrate that KCNT1 mutations implicated in epilepsy cause a marked increase
in function. Importantly, there was a significant group difference in gain-of-function between
mutations associated with ADNFLE and EIMFS. Finally, exposure to quinidine significantly
reduces this gain-of-function for all mutations studied.

Interpretation—These results establish direction for a targeted therapy and potentially
exemplify a translational paradigm for in vitro studies informing novel therapies in a
neuropsychiatric disease.

Introduction

Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) is characterized by
nocturnal frontal lobe seizures beginning in mid-childhood, with psychiatric, behavioural
and cognitive disabilities in some casesl. In contrast, epilepsy of infancy with migrating
focal seizures (EIMFS), previously known as malignant migrating partial seizures of
infancy, is a severe early-onset epileptic encephalopathy beginning before the age of 6
months. It is characterized by heterogeneous focal seizures, where seizures appear to
migrate from one brain region and hemisphere to another, and is associated with arrest or
regression of development resulting in profound disability2-3.

In addition to mutations in several neuronal nicotinic acetylcholine receptor subunits, the
group of genes first identified in ADNFLE#, a number of KCNT1 mutations have been
recently implicated in severe cases of ADNFLE including M8961, R398Q, Y796H and
R928C>. Furthermore, V271F, G288S, R428Q, R474Q, 1760M and A934T have been
identified in patients with EIMFS®-8, More recently, an additional de novo mutation in
KCNT1 (P924L) was found in a patient with EIMFS in whom infantile spasms was part of
the clinical evolution?®.

KCNT1 encodes a weakly voltage dependent and intracellular sodium activated potassium
channel. KCNT1 is a member of the So-type sub family (302.2) of potassium channel
genes, also known as Slack (sequence like a calcium activated potassium channel) and co-
assembles with other So channel subunits19-12, KCNT1 channels are highly expressed in
many regions of the mammalian brain, including the frontal and piriform cortices!3. While
KCNT1 channels are thought to play important roles in regulating neuronal excitability their
precise function is yet to be resolved.
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Mutations M8961, Y796H and R928C are substitutions of highly conserved residues in the
intracellular C-terminal region adjacent to or within a putative nicotinamide adenine
dinucleotide (NAD™)-hinding site, which has been proposed to modulate the sodium
sensitivity of the channel4. The ADNFLE and EIMFS-associated mutations are located in
the C-terminal region of the channel, near, or in close proximity to putative consensus sites
for protein kinase C (PKC)>-2. Phosphorylation of the rodent Kentl by PMA, a PKC
activator, has been shown to activate Slack currents expressed in Xenopus oocytes!®. In their
analysis of mutations associated with EIMFS, Barcia and colleagues® demonstrate a ‘gain of
function’ and suggest this is due to mutant channels mimicking the effects of
phosphorylation of the C-terminal domain by PKC.

The clinical severity of KCNT1 gain-of-function disorders creates an urgent need for novel
therapies. The FDA approved drug quinidine, in clinical use for treatment of cardiac
arrhythmias for decades, reversibly blocks rodent Kentl channels!116, As KCNT1 disorders
have such a severe prognosis, quinidine therapy may hold promise despite its known adverse
effect profile.

The aims of the current study were to investigate the electrophysiological and
pharmacological characteristics of ADNFLE-associated KCNT1 mutations M8961, R398Q,
Y796H, R928C, and compare them to those of the newly described EIMFS P924L mutation.
We also sought to verify, using human clones, the earlier rodent Kent1 functional reports of
the EIMFS-associated mutations (R428Q and A934T)8:8, In addition, we assessed the effects
of quinidine on human KCNT1 WT and mutant channels. A further objective was to
determine the neurodevelopmental time frame for the contribution of this channel to
neuronal excitability by analysing the expression levels of mKcntl mRNA in mouse brain.
A better understanding of these epilepsy mutations may provide us with a validated target
for screening new drugs as well as assessing FDA approved drugs that may target KCNT1
channels.

Materials and Methods

KCNT1 mutagenesis and in vitro transcription

Human hKCNT1 (MIM 608167) and rat rKent1 coding sequences were synthesised by
Genscript (Piscataway, NJ). The hKCNT1 mutations ¢.2688G>A (M8961), ¢.1193G>A
(R398Q), ¢.2386T>C (Y796H), c.2782C>T (R928C), c.1283G>A (R428Q), c.2800G>A
(A934T), ¢.2771C>T (P924L) and the rKentl mutant ¢.2719C>T/c.2721G>C (R907C) were
generated by Genscript (Piscataway, NJ). The expression constructs were produced by
inserting the wild-type (WT), mutated hKCNT1 and rKentl coding sequences into the
PGEMHE vectorl’ between restriction sites Xbal and EcoRI. Construct fidelity was
confirmed by DNA sequencing. cDNAs were transcribed in vitro (mMessage mMachine,
Ambion, Austin, TX).

Oocyte preparation

Xenopus oocytes (Dumont stage V or V1) were surgically removed from Xenopus laevis and
were prepared as described previously8. Oocytes were kept in ND96 solution and stored at
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17 °C. 50 nl of capped cRNA was injected into each oocyte using Roboinjectl System
(Multi Channel Systems, Reutlingen, Germany). A total of 10 ng of cRNA was injected into
each oocyte.

Electrophysiology recording

After 14-24 hr of expression, two electrode voltage clamp recording was performed using
the Roboocyte2 System (Multi Channel Systems, Reutlingen, Germany). Oocytes were
impaled with electrodes that contained 1.5 M K-acetate and 0.5 M KCI and were held at —90
mV and perfused with bath solution containing: (mM) 96 NaCl, 2 KCI, 1.8 CaCl,, 1 MgCl,,
and 5 HEPES pH 7.5. Recording frequency was 1 kHz and temperature was maintained
between 20-22 °C. To record expressed membrane currents from oocytes, the cells were
held at =90 mV, and 600 ms duration test depolarisations were applied in 10 mV increments,
from —80 mV to +80 mV, every 5 s. WT currents were always measured contemporaneously
and with the same batch of oocytes with a mutant channel providing an internal control to
address the possibility of batch-to-batch variation in expression. Phorbol 12-myristate 13-
acetate (PMA) (Sigma-Aldrich, Castle Hill, NSW) was dissolved in DMSO (POCD
Scientific, Gillman, SA) and applied by continuous perfusion for 1 min and incubated for a
further 15 mins, followed by a 10 min washout. Quinidine (Sigma, St. Louis, MO) was
dissolved in ethanol and applied by continuous perfusion for 1 min and incubated for a
further 5 mins, followed by a 10 min washout. Currents were recorded before application of
compound, in the presence of compound and following washout. Peak currents were
measured at the end of each sweep for all clones, except for mutation R928C, where the
peak currents were observed at the beginning of the sweep. The derived data is shown at +10
mV. At +10 mV currents from all of the mutated channels were usable, whereas, by stepping
to potentials =+20 mV, current amplitudes in many cases were larger than the capacity of
the amplifier. Current voltage relationship curves were produced using recordings that did
not saturate the amplifier at +80 mV. Electrophysiological data were analysed using
AxoGraph (AxoGraph Scientific, Sydney, Australia). Statistical analysis was performed on
GraphPad Prism 6 (GraphPad Software, La Jolla, CA). Data are presented as mean = S.E.M
and Student’s t-test was used to test statistical significance. One-way ANOVA with
Bonferroni correction was applied to take into account multiple comparisons in Figure 1C.

Brain tissue collection and RNA extraction

Brains of male C57BL/6J mice were collected at seven postnatal ages (3 mice for each age
group except hippocampus at PO where 6 mice were used) and divided into 4 regions:
cerebellum, thalamus, hippocampus and cortex. Tissue samples were frozen in liquid
nitrogen and stored at =80 °C. Total RNA was extracted from the brain regions using Trizol
reagent (Invitrogen) and RNeasy kit (Qiagen) following the manufacturer’s instructions.

Quantitative RT-PCR

cDNAs were generated from 1 pg of total RNA using SuperScript 111 reverse transcriptase
with random hexamer primers (Invitrogen). Quantitative PCR was performed using ViiA7
System (Applied Biosystems) and TagMan Gene Expression Assays for mouse mKcentl,
ubiquitin C (Ubc) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (Applied
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Biosystems assay IDs Mm01330653_m1, Mm01198158 m1 and Mm99999915 g1,
respectively). Relative quantities of mKentl mRNA were calculated using gbase+ software
(http://www.biogazelle.com/gbaseplus!®.) Ubc and Gapdh were used as normalisation
factors20-21, Relative quantities of the mKent1, Ubc and Gapdh mRNAs in the cerebellum at
PO were arbitrarily defined as 1.

Gain-of-function channel phenotype with KCNT1 mutations

The electrophysiological properties of human KCNT1 mutations, identified in patients with
ADNFLE® (M8961, R398Q, Y796H and R928C) and in patients with EIMFS88.9 (R428Q,
A934T and P924L), were analysed in Xenopus oocytes. WT and mutant channels produced
voltage activated currents and, as expected, water injection controls did not differ from
uninjected oocytes with only small contributions of endogenous currents (Fig 1A).
Representative current family traces from WT and mutant channels contrasting current
amplitudes, kinetics and voltage dependencies are shown (Fig 1A). Visual inspection of raw
current traces showed a clear trend that disease causing mutations increase current
magnitude and in some cases hasten (M8961, R928C and A934T) or slow (R398Q)
activation.

Quantification of current amplitude was measured at a potential of +10 mV to avoid biasing
averages caused by censoring data that saturated the amplifier at higher depolarising
potentials. Without exception, the mutated channels yielded larger currents (Fig 1A and 1B),
providing the first view into the mechanism of pathogenicity for ADNFLE?® and revealing
the functional deficit of the recently ascertained EIMFS case®. Furthermore, our analysis
verified earlier functional data on the reported EIMFS mutants® (R428Q and A934T) that
used a rodent Kentl assay. Our results show that, across independent studies, ‘gain of
function’ is a common pathogenic feature of hHKCNT1 disorders. Pooling of currents across
mutations associated with ADNFLE and comparison with the pooled average of the
mutations associated with EIMFS, revealed a significant difference between the two groups
(Fig 1C). While mutations from ADNFLE cases were associated with currents that were
approximately 3 fold larger than WT, the mutations associated with the more severe
syndrome of EIMFS were on average around 5 fold greater. To examine the possible effects
that the different mutations might confer on the activation kinetics of channel currents, time
to peak current was measured at +10 mV. M8961, R928C and A934T activate significantly
faster, while R398Q, Y796H and P924L activate significantly slower than WT (p<0.05; Fig
1D). In addition, tail currents associated with channel closing were examined to determine
the possible effects of the different mutations on deactivation kinetics. The tail currents for
M8961, R928C, R428Q and P924L decay significantly slower than WT (p<0.05; Fig 1E),
however, no significant differences were observed for R398Q, Y796H or A934T. These data
suggest that the mutations not only cause an increase in current amplitude, but also modulate
channel activation and deactivation kinetics. However, there was no apparent association of
activation or deactivation kinetics with disease severity.

Current-voltage (1/V) curves, normalised to maximum current and averaged, were calculated
for WT and mutant channels. As expected for KCNT110, they show mild voltage-
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dependence of activation (Fig 1F and 1G). The shape of 1/V curves for WT and some of the
mutants did not vary, however, the I/V for M8961, R928C, A934T and P924L display a
curious rollover of the curve at more depolarised potentials suggestive of saturation of
conduction paths or appearance of a high voltage inactivation state.

Pharmacological modulation

To explore the therapeutic potential of quinidine we first determined whether it inhibits
hKCNT1 channels similarly to the rodent channels and then assessed the impact on mutant
hKCNTZ1. Quinidine significantly inhibited WT hKCNT1 at both 100 and 300 uM (Fig 2A
and C), whereas its vehicle, ethanol, was without effect (data not shown). Representative
current traces after application of 300 pM quinidine illustrate a clear block of current
amplitude, which was reversible upon washout (Fig 2A). We next investigated the action of
quinidine on mutant hKCNT1 channels. Representative current traces from the hKCNT1
R928C mutant channel after application of 300 uM quinidine illustrate a clear block of
current amplitude, which was again reversible upon washout (Fig 2B). Furthermore, 1/
curves for R928C in the presence of quinidine 300 uM were similar to the shape of the WT
I/V curves (Fig 2C). A summary of the relative blocking effect of quinidine showed that for
all of the mutant channels, 300 pM quinidine produced a significant block (Fig 2D), which
was reversible upon washout. In some cases this block brought current levels down towards
WT control values. It was apparent that some mutant channels were more sensitive to
quinidine than others.

To examine whether quinidine alters channel Kinetics, time to peak current and the tail
current decay time was measured before and after application of quinidine (300 uM) at +10
mV (Fig 2E and F). At +10 mV the time to peak current for M8961 was significantly slower
than vehicle control. For mutants R428Q and P924L the time to peak current was
significantly faster than vehicle control. For the other mutations (R398Q, Y796H, R928C
and A934T), no significant differences were observed. Furthermore, quinidine did not affect
the tail current decay time for the WT or the mutant channels. Quinidine reverses many of
the changes in I/V curves in the mutant channels presumably as a consequence of altering
voltage sensitivity.

Rodent Kentl currents are thought to be activated by Gag-protein coupled receptor
stimulation via PKC12, As this modulatory effect has not been demonstrated with human
KCNT1, we performed experiments using the PKC activator PMA to establish whether
human channels expressed in oocytes are also sensitive to phosphorylation by PKC. Control
currents were generated in the presence of vehicle and then again following 15 mins
incubation with PMA (100 nM). In stark contrast to earlier work on the rodent Kentl
currents, we observed significant inhibition of current by PMA for human WT and all
human mutant channels (p<0.0001; Fig 3A). Furthermore, this inhibition was not reversible
upon washout and no effect of the vehicle, DMSO, was observed (data not shown). These
data suggest that phosphorylation of the hKCNT1 channels by PKC has an inhibitory effect,
much like that seen with the 902.1 channel, but in contrast to that observed in 902.2
channels!®. To exclude a possible species difference, we expressed the rat WT rKentl
channel, as well as the mutant R907C which aligns with the mutant R928C hKCNT1
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channel. Representative current family traces illustrate the different current amplitudes (Fig
3B). Application of PMA (100 nM) produced a small, but significant, inhibition of the WT
rKentl channel currents. However, it had no effect on the mutant R907C rKcent1 channel
currents (Fig 3C). We did, however, observe a significant increase in current amplitude for
R907C when compared to WT rKent1 channels.

Regional and temporal expression of mKcntl mRNA in the developing mouse brain

In a final series of experiments we quantified the relative levels of mouse Kentl mRNA
expression in the thalamus, hippocampus, cortex and cerebellum from postnatal day 0
through to 39 using quantitative RT-PCR (Fig 4). At birth, mKcntl mRNA was expressed at
similar levels throughout the brain. In hippocampus and thalamus this expression level
essentially remained unchanged over the course of postnatal development. In contrast,
cortical mKcent1 expression increased 3-fold during the first two weeks of life, remaining
constant thereafter. A similar overall increase in expression occurred in the cerebellum,
however, the onset was delayed until P9.

Discussion

In this study we present functional and pharmacological data, characterising KCNT1
mutations associated with ADNFLE and EIMFS. We demonstrate that all pathogenic
mutations result in channels which display a strong gain-of-function phenotype. This
observation is of interest given recent population genetic analyses showing strong selection
against functional variation in KCNT122. In light of these findings, it is of particular interest
that all the mutations identified to date are associated with a striking gain-of-function
phenotype in vitro. Moreover the magnitude of this gain-of-function in the EIMFS group
was greater than that associated with the less severe ADNFLE phenotype. While there may
be other factors that contribute to the finer grained aspect of phenotype, such as genetic
background, collectively, these data suggest that the KCNT1 gain-of-function phenotype is
directly pathogenic, and that amelioration or elimination of this gain-of-function may be an
effective treatment in patients with KCNTZ1 disorders. The demonstration here that quinidine
can reverse the mutation specific gain-of-function provides clear indication that these
conditions may respond to targeted therapy.

Previous studies have suggested that rodent Kcnt1 channel activation is potentiated through
phosphorylation involving PKC1° and EIMFS mutations are postulated to be in a
constitutive PKC phosphorylated-like stateS. Our data show that the PKC activator, PMA,
causes a significant reduction in current for all human mutant channels tested. The basis of
the discrepancy between our data and that previously published is unclear. One possibility
explored is the potential confound of species difference. A lack of effect of PMA on the
mutant rat R907C channel is consistent with that published by Barcia and colleagues (2012).
Although the sensitivity of human and rodent WT channels to PMA was different, in both
cases it causes a reduction in current which is in contrast with that observed previously®1°.
Therefore, a phosphorylation-like state of the channel does not seem a likely explanation for
the gain-of-function mechanism seen with these mutations.
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The mechanisms underlying increased neuronal excitability, due to a gain-of-function of the
KCNT1 channels are not known. Large elevations in intracellular sodium concentrations,
which occur during normal physiological signalling in the nervous system, are sensed by
sodium activated potassium channels, such as KCNTL1. These channels are particularly
highly expressed in neurons!3 and are able to influence neuronal firing patterns, either
through rapid activation with a single action potential that could increase firing rates, or
slow activation during repetitive firing that could decrease firing rates?3. The clear
association of KCNT1 gain-of-function and disease severity suggests that either or both of
these mechanisms are at play to increase network excitability in ADNFLE and EIMFS. In
excitatory neurons, the higher currents generated by the mutant KCNT1 channels may enable
shortening of action potential (AP) by permitting a more rapid repolarisation in response to
increased sodium concentrations during the AP upstroke. Therefore, increases in
repolarisation rates could be the mechanism that enables higher action potential firing rates
in KCNT1 based epilepsies. Experimental evidence for this idea is provided by studies of the
electrocytes of the electric fish, Gymnotus carapo?42°, where KCNT1 channels are highly
expressed and thought to be critical for enabling firing rates of up to 500 Hz. KCNT1
channels are also expressed in interneurons!? raising the possibility that disinhibition may
also play a role in disease pathology. Sustained firing of fast spiking interneurons may result
in accumulation of intracellular Na* sufficient to slowly activate KCNT1 channels to
produce a long lived hyperpolarisation. In the case of mutant KCNT1 channels, with
enhanced currents, this hyperpolarisation would be greater and would result in more
disinhibition than would occur in neurons with WT channels. KCNT1 mutations may be
altering the channels sensitivity to sodium in a similar way to that observed with a mutation
in the large conductance calcium-sensitive potassium channel (BK) which has been
associated with a human syndrome of coexistent generalised epilepsy and paroxysmal
dyskinesia (GEPD)28. This mutation in the  subunit of the BK channel, which has
enhanced macroscopic currents, was reported to cause GEPD as a result of an increased
channel opening probability and increased calcium sensitivity. Moreover, the mutation has
subsequently been shown to mediate the allosteric coupling between calcium binding and
channel opening?’. If KCNT1 mutations are increasing the channels sensitivity to cytosolic
sodium concentrations, this could indeed account for increased excitability by inducing
rapid repolarization of the action potential, allowing neurons to fire at a more rapid rate. The
precise contribution to network pathology of ADNFLE and EIMFS cannot be fully
determined until animal models are available to study the molecular and temporal contexts
in which rapid and slow modulation of neuronal firing by KCNT1 channels can be dissected.

ADNFLE and EIMFS are strikingly different epilepsy syndromes. The discovery that they
were allelic was completely unexpected and seemingly paradoxical. The physiological and
expression data observations reported here may explain this. EIMFS begins in early infancy,
while ADNFLE begins much later in mid-childhood; this difference in age of onset may be
due to differences in the level of gain-of-function produced by the mutations. A 5 fold gain-
of-function is an extreme modification, which most likely accounts for the earlier onset of
symptoms and pathological network excitability in the immature infant brain resulting in the
chaotic, refractory, ongoing multifocal seizures of EIMFS. The 3 fold change observed with
ADNFLE mutants may not be sufficient to cause seizures until later in development, when
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greater expression of KCNT1 is likely and brain excitability is sufficiently elevated. By this
age, the more mature brain may alter the impact of the KCNT1 gain-of-function potentially
limiting pathology to frontal networks with the phenotype manifesting as nocturnal frontal

lobe epilepsy.

The hallmark of ADNFLE is nocturnal frontal lobe seizures. The expression of KCNT1 in
the frontal cortex!3 and its greater expression in the mouse cortex, shown here, ideally
positions KCNT1 to contribute to frontal lobe seizures. Regarding the nocturnal occurrence
of ADNFLE, Tamsett and colleagues!4 demonstrated that NAD* and NADP™ activate Slack
channels expressed in HEK293 cells, as well as neuronal sodium-activated potassium
channels. M8961, Y796H and R928C are substitutions of highly conserved residues in the
intracellular cytoplasmic terminal region adjacent to or within a putative NAD™-binding site,
which has been proposed to modulate the sodium sensitivity of the channel. The circadian
clock synchronizes behaviour and metabolism with the light-dark cycle and levels of NAD*
display circadian oscillations, which are regulated by the core clock machinery in mice?8.
This is particularly interesting as KCNT1 channels are modulated by NAD™" and also
associated with nocturnal epilepsy?®, but it is yet to be determined whether the mutated
proteins have an altered sensitivity to NAD* or NADP*. To investigate this more fully a
mammalian expression system, where intracellular modulators such as NAD* can be more
easily manipulated, would provide more detailed high fidelity biophysical data. However,
we encountered significant challenges with poor expression levels and cell death when
attempting to extend our investigation in HEK293 cells, rendering them a poor model for
assessing gain-of-function of mutant KCNT1 channels.

Although the mechanism of the gain-of-function is not fully understood, it is known that
quinidine can block rodent Kent1 channels!116, In agreement with this, we have
demonstrated that quinidine produces a reversible block of all human WT and mutant
hKCNT21 channels studied here. The mutations have different sensitivities to quinidine, but
all can be blocked regardless of their associated clinical phenotype. Another antiarrhythmic
compound, clofilium, also inhibits Slack channels expressed in Xenopus oocytes??. In the
absence of specific blockers for this channel, quinidine, which penetrates the blood brain
barrier (BBB)3 and clofilium, with its large hydrophobic alkyl side chains suggesting it
should cross the BBB3!, may be potential oral therapeutic agents for ADNFLE and EIMFS
patients carrying a mutated KCNT1 gene. Future clinical studies could establish a potential
therapeutic effect and dosing regimens. Furthermore, greater insights into the mechanisms of
action of these mutations may provide us with a validated target for developing quinidine
analogues with improved efficacy and safety profiles or even novel chemical classes.
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Figure 1.
hKCNT21 wild-type and mutant currents recorded in Xenopus oocytes. (A) Representative

current traces obtained from uninjected and water injected oocytes and oocytes expressing
wild-type (= WT), ADNFLE (= M8961, R398Q, Y796H, R928C) and EIMFS (= R428Q,
A934T and P924L) channels. Oocytes were held at —90 mV and stepped from =80 mV to 80
mV for 600 ms every 5 s. Scale bars apply to all traces. (B) Average peak currents at +10
mV for WT (n=127), M8961 (n=39), R398Q (n=41), Y796H (n=63), R928C (n=51), R428Q
(n=38), A934T (n=38) and P924L (n=64) channels. The peak currents for each mutant
channel at +10 mV were compared to the peak currents for the WT channel at +10 mV. (C)
Comparison of pooled currents at +10 mV. WT (M, n=127) and pooled ADNFLE (H,
n=194) and pooled EIMFS (m, n=140). (D) Activation kinetics shown as mean time to peak
current at +10 mV for WT, M8961, R398Q, Y796H, R928C, R428Q, A934T and P924L
channels (see B for n values). The time to peak current for each mutant channel at +10 mV
was compared to the time to peak current for the WT channel at +10 mV. (E) Average tail
current decay time at +10 mV for WT (n=62), M8961 (n=15), R398Q (n=27), Y796H
(n=35), R928C (n=40), R428Q (n=36), A934T (n=28) and P924L (n=28) channels. Decay
time for each mutant channel was compared to WT. WT (H), ADNFLE (m) and EIMFS (m).
(F) Averaged and normalised current-voltage relationships for WT (@, n=127), M896I (O,

Ann Neurol. Author manuscript; available in PMC 2015 April 14.

Voltage (mV)



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Milligan et al.

Page 13

n=32), R398Q (4, n=37), Y796H (O, n=51), R928C (v, n=46). (G) Averaged and
normalised current-voltage relationships for WT (@, n=127), R428Q (O, n=32), A934T (A,
n=34) and P924L (O, n=29) channels. Currents were normalized to the value at a test
potential of +80 MV (Iynax). (*p< 0.05; **p< 0.01; *** p< 0.001; ****p<0.0001).
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Figure 2.
Quinidine inhibition of hLKCNTZ1 currents expressed in Xenopus oocytes. (A) Current traces

from WT in vehicle control, in the presence of 300 UM quinidine and following washout of
quinidine. Scale bars apply to all traces. (B) Current recordings from R928C mutant in
vehicle control, in the presence of 300 uM quinidine and following washout of quinidine.
Scale bars apply to all traces. (C) Normalised average current-voltage relationships for WT
and mutant R928C in the presence of vehicle (@; WT n=50, R928C n=26), 100 uM (O0; WT
n=30, R928C n=12) and 300 uM quinidine (m; WT n=20, R928C n=14) followed by
washout of 300 pM quinidine (O; WT n=20, R928C n=14). Currents were normalized to the
value in the absence of quinidine at a test potential of +80 mV (Ihax)- (D) Comparison of
average current amplitude for WT and mutant channels illustrating the degree of block by
300 uM quinidine (WT n=13; M896I n=5; R398Q n=8; Y796H n=9; R928C n=14; R428Q
n=24; A934T n=15 and P924L n=34) derived from measurements made at +10 mV (see Fig
1B for vehicle control n values). (E) Average time to reach peak current amplitude for WT
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(n=13), M896I (n=5), R398Q (n=8), Y796H (n=9), R928C (n=14), R428Q (n=24), A934T
(n=15) and P924L (n=34) mutant channels at +10 mV before and after application of
quinidine (300 uM). (*p< 0.05;**p< 0.01). (F) Average tail current decay time at +10 mV
for WT (n=13), M8961 (n=5), R398Q (n=8), Y796H (n=9), R928C (n=14), R428Q (n=24),
A934T (n=15) and P924L (n=34) mutant channels before and after application of quinidine
(300 pM).
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Figure 3.
PMA inhibition of hKCNT1 and rKentl currents expressed in Xenopus oocytes. (A) Average

percent inhibition at +10 mV of WT (n=58), M896I (n=18), R398Q (n=25), Y796H (n=47),
R928C (n=34), R428Q (n=9), A934T (n=25) and P924L (n=17) hKCNT1 channels by PMA
(100 nM). WT (m), ADNFLE (m) and EIMFS (H). (B) Representative current traces
obtained from oocytes expressing WT and mutant R907C rKentl1 channels. Scale bars apply
to all traces. (C) Average peak currents at +10 mV for WT (n=51) and R907C (n=37) rKcnt1
channels in the presence of vehicle and then following application of PMA (100 nM). The
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peak currents for WT and R907C rKcntl in the presence of vehicle were compared to each
other and to the peak currents in the presence of PMA (100 nM). (*p< 0.05;***p< 0.001).
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Figure4.
Quantitative RT-PCR analysis of mKcntl mRNA expression in developing mouse brain.

Samples were taken at seven postnatal ages (0, 3, 6, 9, 12, 15 and 39 days). Hippocampus
(solid line), thalamus (dot-dash line), cortex (dashed line) and cerebellum (dotted line).
Relative amount of mKcntl mRNA in cerebellum at day 0 was defined as one. The data
points are averages of samples from at least three mice, with 95 % confidence interval
shown as shaded filled area.
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