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Neurobiology of Disease

An Epilepsy-Associated KCNT1 Mutation Enhances
Excitability of Human iPSC-Derived Neurons by Increasing
Slack Ky, Currents
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Mutations in the KCNT1 (Slack, Ky,1.1) sodium-activated potassium channel produce severe epileptic encephalopathies. Expression in
heterologous systems has shown that the disease-causing mutations give rise to channels that have increased current amplitude. It is not
known, however, whether such gain of function occurs in human neurons, nor whether such increased Ky, current is expected to suppress
or increase the excitability of cortical neurons. Using genetically engineered human induced pluripotent stem cell (iPSC)-derived neu-
rons, we have now found that sodium-dependent potassium currents are increased several-fold in neurons bearing a homozygous P924L
mutation. In current-clamp recordings, the increased Ky, current in neurons with the P924L mutation acts to shorten the duration of
action potentials and to increase the amplitude of the afterhyperpolarization that follows each action potential. Strikingly, the number of
action potentials that were evoked by depolarizing currents as well as maximal firing rates were increased in neurons expressing the
mutant channel. In networks of spontaneously active neurons, the mean firing rate, the occurrence of rapid bursts of action potentials,
and the intensity of firing during the burst were all increased in neurons with the P924L Slack mutation. The feasibility of an increased K,
current to increase firing rates independent of any compensatory changes was validated by numerical simulations. Our findings indicate
that gain-of-function in Slack Ky, channels causes hyperexcitability in both isolated neurons and in neural networks and occurs by a
cell-autonomous mechanism that does not require network interactions.

Key words: action potential; EIMFS; epileptic encephalopathy; MMPSI; potassium channels; seizures

Significance Statement

KCNTI mutations lead to severe epileptic encephalopathies for which there are no effective treatments. This study is the first
demonstration that a KCNTI mutation increases the Slack current in neurons. It also provides the first explanation for how this
increased potassium current induces hyperexcitability, which could be the underlining factor causing seizures.

grating partial seizures of infancy (MMPSI), also called epilepsy
of infancy with migrating focal seizures (EIMFS) (Barcia et al,,
2012; Kim et al., 2014; Shimada et al., 2014; Vanderver et al.,
2014; Moller et al., 2015; Mikati et al., 2015; Rizzo et al., 2016;
Tang et al., 2016). This is a devastating epileptic encephalopathy

Introduction
Mutations of the Slack K* (Ky,1.1) channel lead to a highly
intractable childhood epilepsy syndrome called malignant mi-
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with no effective treatments. Children with MMPSI experience
scores of multifocal seizures per day (Coppola et al., 1995). They
are profoundly intellectually disabled, and brain development
halts at an infantile stage with many children remaining unable to
speak or walk. Mortality is high, and sudden unexpected death in
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epilepsy (SUDEP) has been reported (Moller et al., 2015). Slack
mutations have now also been associated with a spectrum of focal
epilepsies including other infantile epileptic encephalopathies
and later onset autosomal dominant nocturnal frontal lobe epi-
lepsy (ADNFLE) (Heron etal., 2012; Martin et al., 2014; Moller et
al., 2015; Ohba et al., 2015).

Slack, most recently termed Ky, 1.1 (Kaczmarek et al., 2017),
is a sodium-activated potassium channel encoded by KCNTI
(Yuan et al., 2003; Kaczmarek, 2013). Functions attributed to the
channel include regulation of neuronal bursting in sensory neu-
rons (Tamsett et al., 2009; Nuwer et al., 2010; Biton et al., 2012;
Lu et al,, 2015) and maintaining temporal accuracy in auditory
brainstem neurons (Yang et al., 2007). Slack has also been pro-
posed to regulate neuronal development through interactions
with the Fragile X Mental Retardation Protein (FMRP) and trans-
lational machinery (Brown et al., 2010; Zhang et al., 2012; Kim
and Kaczmarek, 2014; Bausch et al., 2015).

In heterologous expression systems, epilepsy-causing muta-
tions cause substantially increased Slack channel activity over
that of WT channels with no change in the level of channel pro-
tein (Barcia et al., 2012; Kim et al., 2014). This gain-of-function is
seen with a large variety of different mutations (Kim et al., 2014;
Martin etal., 2014; Milligan et al., 2014). Although altered voltage
and/or sodium dependence contribute in part to the increased
current for a subset of mutations (Kim et al., 2014; Tang et al.,
2016), for most mutations the level of increased current is too
large to be explained by changes in these parameters (Kim et al.,
2014). Evidence indicates that enhanced positive cooperativity
between channels is a major factor that increases channel activity
(Kim et al., 2014). However, it is not yet known whether similar
gain-of-function occurs in neurons, or if high Slack currents
directly enhance neuronal excitability. Slack-mediated K,
currents activate at relatively negative potentials (Santi et al.,
2006; Yang et al., 2007), and increases in current near the
resting potential would be expected to suppress rather than
increase excitability.

Human induced pluripotent stem cell (hiPSC) technology of-
fers a novel tool to advance our understanding of neurological
diseases. hiPSCs surpass heterologous systems because regular,
adjunct biology is conserved (Liu et al., 2013; LaMarca et al.,
2018). In a wide variety of neurological disorders, hiPSCs have
not only advanced understanding of disease mechanisms, but
have also provided a more relevant avenue for drug screening
(Tidball and Parent, 2016; Csobonyeiova et al., 2017; Gonzalez et
al., 2017; Balan et al., 2018).

To understand how Slack mutations contribute to hyperexcit-
ability, we have generated and evaluated a hiPSC-derived neuron
line harboring an MMPSI-associated mutation known to have
gain of function, P924L Slack (Milligan et al., 2014). The muta-
tion was generated by nuclease-mediated engineering, allowing a
true isogenic control. We characterized neurons derived from
these cells using voltage-clamp recordings as well as multielec-
trode arrays (MEA) and current-clamp recordings to evaluate
firing patterns and the properties of action potentials. Current-
clamp recordings were performed at an earlier [days in vitro
(DIV) after plating 7-8] and later (DIV after plating 14-16)
maturation stage.

Materials and Methods

Generation of Slack P924L iPSC-derived neurons. Human neurons differ-
entiated from induced pluripotent stem cells (iCell Neurons) were pro-
vided by FUJIFILM Cellular Dynamics. These cells were generated
through a proprietary forebrain differentiation protocol developed by
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Cellular Dynamics, resulting in a population of neurons without glial or
oligodendrocyte cells. The cells have been characterized to demonstrate
their similarity to primary neurons. Thawed neuron populations are
>95% pure neurons, rapidly form neural networks via functional syn-
apses, and display long-term viability and reproducibility (Berry et al.,
2015). They have previously been described and characterized including
methods for plating and maintenance (Chai et al., 2012; Haythornth-
waite et al., 2012; Chatzidaki et al., 2015). Gene expression and pharma-
cology closely resembles neonatal prefrontal cortex (Dage et al., 2014).
To generate a KCNTI P924L allelic variant, nuclease-mediated SNP al-
teration of the healthy control cell line was performed to introduce a
site-specific mutation using proprietary licensed protocols, similar to
prior efforts that generated disease-specific models of cardiomyocytes
(Drawnel et al., 2014). The resulting cells have the P924L variant in both
KCNT]1 alleles.

Measurement of Slack expression. Cellular lysates were separated on
4-15% gradient SDS gels, transferred to nitrocellulose paper, probed
overnight at 4°C with primary antibody as indicated. For Slack expres-
sion we used a custom polyclonal pan-Slack antibody (1:500) or GAPDH
antibody (1:500, Santa Cruz Biotechnology) with goat anti-rabbit
(#7074, Cell Signaling Technology) HRP-conjugated secondary antibod-
ies (1:1000 in 5% milk solution). The Slack antibody was designed as a
custom polyclonal antibody against the C terminus region of rSlack using
the peptide sequence GCDVMNRVNLGYLQDEMNH (Brown et al.,
2008). Generation of this rabbit polyclonal anti-pan-Slack IgG was per-
formed by Biosynthesis. A stable rat Slack-expressing HEK cell line was
used as a positive control for the antibody. Other membrane proteins
were measured including Nav1.1 (1:1000, Alomone Laboratories), Kv1.1
(1:500, NeuroMab), BK (1:500, BD Bioscience), and Na,K-ATPase anti-
body (1:1000, Cell Signaling Technology, for normalization of mem-
brane proteins).

Patch-clamp electrophysiology. Cells were plated on 12 mm glass cov-
erslips that were transferred into a recording chamber. Whole-cell patch-
clamp recordings were performed in one preparation at 7-8 d after
plating for current clamp and another preparation at 7-10 d after record-
ing for voltage clamp and then repeated with a second preparation for
current clamp at 14—16 d. Recordings were made from five coverslips for
voltage-clamp and two coverslips for each of two preparations for cur-
rent clamp. Pipette tip resistance was typically 2—4 M) for voltage-clamp
and 10-15M() for current clamp. Signals were amplified with an EPC-7
(HEKA) or a Multiclamp 700B (Molecular Devices) amplifier and re-
corded with Clampex 10.2 software (Molecular Devices). Data were ac-
quired at a sampling rate of 2 kHz (for voltage clamp) or 20 kHz (for
current clamp) and analyzed using Clampfit 10 (Molecular Devices) and
MATLAB 2017b (The MathWorks). All measurements were conducted
at room temperature.

For voltage-clamp recordings, the extracellular medium contained the
following (in mm): either 139 NaCl or 139 N-methyl-p-glucamine
(NMDG), 5.4 KCl, 1 CaCl,, 1 MgCl,, and 10 glucose, with pH 7.3, and
patch electrodes were filled with (in mm) 97.5 K * gluconate, 32.5KCl, 10
HEPES, 1 EGTA, 2 MgCl,. For current clamp, the extracellular recording
medium contained the following (in mm): 139 NaCl, 10 HEPES, 4 KCl, 2
CaCl,, 1 MgCl,, 10 p-glucose (310 mOsm, pH 7.4), and patch electrodes
were filled with internal solutions containing the following (in mm): 130
K* gluconate, 6 KCl, 4 NaCl, 10 Na-HEPES, 0.2 K-EGTA, 0.3 GTP, 2
MgATP, 0.2 cAMP, 10 p-glucose, 0.15% biocytin and 0.06% rhodamine.
The pH and osmolarity of the internal solutions were brought close to
physiological conditions (pH 7.3, 290-300 mOsm).

For measurements of Ky, currents, whole-cell voltage-clamp mea-
surements were performed with cells held at —70 mV and given 600 ms
voltage pulses in 10 mV steps over a fixed range of —80 to +70 mV.
Recordings were obtained independently for cells in extracellular me-
dium containing either 140 mm Na ™ or 140 mm NMDG. Current traces
from NMDG were averaged and subtracted from the individual cur-
rent traces obtained from the Na * condition. The difference current
at the end of the voltage pulse was considered to be the steady-state
Kya current.

To quantify the total number of evoked action potentials, cells were
held in current-clamp mode near —60 mV with a steady holding current,
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and current injections were given starting 12 pA below the steady holding
current, in a total of 20 depolarization steps, with 3 pA increments and
400 ms in duration. Neurons that needed >50 pA to be held at —60 mV
were discarded from the analysis.

Numerical simulations. Simulations of the effects of Ky, currents on
neuronal firing were performed using a simple one-compartment neu-
ronal model comprising a Na ™ current I, a leak current I}, a voltage-
dependent K™ current I, and a Na - activated K ¥ current Iy, with
kinetic parameters based on previous simulations of the effects of Ky,
currents on firing patterns (Yang et al., 2007; Brown et al., 2008). Re-
sponses were simulated by integration of the equation CdV/dt = I,y —
Ina — Iy = Ixna — I, where stimuli I, ) were presented as a single step
current (0.01-0.04 nA, 100 ms). Equations and parameters for I, Ix,»
and I; were similar to those used in previous simulations on neuronal
firing patterns (Liu and Kaczmarek, 1998; Wang et al., 1998; Richardson
and Kaczmarek, 2000; Macica et al., 2003; Bhattacharjee et al., 2005; Song
et al., 2005; Yang et al., 2007; Kaczmarek, 2012). Specifically, I; and I,
were given by the equations I, = gy,m h(V — 50) and I; = g, (V + 80)
respectively. Kinetic parameters for the evolution of the variables m and
hwere gy, = 1.5 uS, Ky, = 76.4ms ', m,,, = 0.037mV ', kg, = 6.93
ms ',y = —0.043mV "', and k,, = 0.000135ms ', n;, = —0.1216
mV "', kg, = 1.237 ms ™" and 7, = 0.0384 mV . The voltage-
dependent K" current I, was given by the equation I, = gy, Ir (V +
80), with the parameters for the evolution of the gating particles [ and r
given by g, = 0.03 uS, k,y = 1.2ms ', m,, = 0.03512mV "', kg, =
0.2248ms ', mg, = —0.0319mV ~', k,,, = 0.0438 ms ', m,,, = —0.0053
mvV 1, kg, = 0.0562 ms “'and Mg, = —0.0047 mV ~ 1. The capacitance C
was 0. 1 nF and the leakage conductance g; was 0.002 uS.

To simulate Slack currents, I, was given by the equation I, =
gena2s? (V + 80), where the variable  describes voltage dependence
and is governed by the kinetic parameters, k,,, = 1.38 ms ', n_, =
—0.0105mV !, kg, = 0.5763 ms ~' and g, = — 0.0355mV ~' (Brown
et al., 2008). The conductance gy, was varied between 0 and 4.0 uS.

The variable s represents the proportion of Slack subunits activated by
Na™* ions at the cytoplasmic face of the Slack channel. As in previous
simulations, changes in Na ™ concentration at the cytoplasmic face of the
Ky, channels, [Na *]; were modeled by the equation d[Na " ];/dt = aly,
+a’ -b[Na *]i’ where the kinetic constants a and a’ represent Na * entry
though voltage-dependent Na * channels and a Na ™ leak, respectively,
and b determines the rate of pumping of Na ™ out of the cell. In the model
cel,a =125 a = 025mMms !and b = 0.1 ms . The variable s
represents the proportion of Slack channels activated by [Na*];, and
evolves according to the equation ds/dt = k;[Na "] (1-s) — ks, with k; =
0.014mm 'ms 'and k, = 0.4 ms .

Multielectrode array recordings. WT and Slack P924L-expressing iPSC-
derived neurons were thawed and plated in individual clusters (“dots”)
of 80,000 cells in a 48-well MEA plate (Axion Biosystems). Cells were
cultured in BrainPhys neuronal medium (Stem Cell Technologies) and
underwent 50% media change every 23 d. Eight-minute long recordings
were made on DIV 11 post-plating (1 = 24 per group). Raw extracellular
voltage recordings were processed on a Maestro 768 channel system (Ax-
ion) with 200—4 kHz Butterworth filter. Action potentials were captured
on each channel via a 6 SD detection limit. Analysis of MEA spike trains
was performed via Neural Metric (Axion). Burst analysis was based on a
Poisson Surprise algorithm that identified clusters with a surprise factor
threshold § = 10 (Legéndy and Salcman, 1985). Synchrony between
channels was assessed using a binless measure of cross-correlation (Paiva
etal., 2010).

Experimental design and statistical analysis. Action potential shape
analysis: The first evoked action potential was used for spike shape anal-
ysis (with the lowest injected current needed for eliciting an action po-
tential). Spike threshold was the membrane potential at which the slope
of the depolarizing membrane potential increased drastically, resulting
in an action potential (the first maximum in the second derivative in
dV,/dt vs V,, phase space). The 5 ms AHP amplitude was calculated as
the difference between the threshold for spiking and the value of the
membrane potential 5 ms after the potential returned to cross the thresh-
old value at the end of the action potential. The spike amplitude was
calculated as the difference between the maximum membrane potential
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during a spike and the threshold. Action potential width was calculated as
the time it took the membrane potential to reach half the spike amplitude
in the rising part of the spike to the descending part of the spike (full
width at half maximum), using the threshold time as the lower limit.

Differences between groups for the steady-state K, current as mea-
sured by voltage clamp were compared using repeated-measures
ANOVA followed by two-tailed Student’s t test with Holm-Sidak correc-
tion for multiple comparisons. Morphological features of action poten-
tials from current-clamp experiments were compared by two-tailed
Student’s ¢ test. Spike counts were compared using a Mann—-Whitney U
test. Exact sample sizes and significance values are reported for all statis-
tical tests. Means are reported with SEM unless noted otherwise.

Results

The P924L mutation does not alter Slack, BK, or Navl.1
channel expression in neurons

We compared Slack expression in human iPSCs that were differ-
entiated into neurons. A mutant cell line expressing the P924L
Slack mutation was engineered from WT cells using nuclease-
mediated engineering to ensure an isogenic control. Both cell
lines were plated using two different methods. Conventional uni-
form plating of 80,000 cells on 12 mm glass coverslips was used to
provide isolated cells that could be used for patch-clamp electro-
physiology. The cells were also plated in high density “dots” of
60,000 cells in a single large cluster. These provided a high density
of synaptic connections that were used for multielectrode array
(MEA) recordings. Slack protein was expressed in both WT and
Slack P924L cell lines as measured by Western blotting using a
previously described “pan-Slack” antibody (Brown et al., 2008).
The quantity of Slack protein measured by Western blotting was
similar in the two cell types by densitometry. Moreover, the
method of plating did not affect the level of channel expression
(Fig. 1A).

As a screen for compensatory changes in other ion channels,
we also measured the expression of BK channels, calcium-
dependent K™ channels which are structurally and functionally
similar to Slack, and Navl.1 channels, because sodium entry dur-
ing action potentials is suspected to be intricately linked to the
activation of Ky, currents. There was no obvious visual difference
in either of these channels by Western blotting (Fig. 1B). By den-
sitometry no significant differences were identified in Navl.1
(p=045n=7),Kvl.1 (p=0.19,n=7),0r BK (p = 0.73,n =
10) expression between P924L and WT cell lysis products at
DIV12 (Student’s t test).

P924L Slack-expressing neurons have increased Ky, currents
Whole-cell voltage-clamp measurements were first performed
using physiological internal and external media with the extracel-
lular medium containing 139 mM Na ™ ions. Cells were held at
—70 mV and stepped to potentials between —80 to +70 mV for
600 ms. Under these conditions, both isogenic control and P924L
Slack-expressing neurons displayed a rapid inward current (con-
sistent with a voltage-activated sodium current) followed by a
large, slowly inactivating outward current (Fig. 2A). The outward
currents measured in cells expressing P924L Slack were signifi-
cantly larger than those in cells with the WT channel at all test
potentials above +10 mV (n = 17; Fig. 2D).

The experiment was then repeated using external medium in
which 139 mm N-methyl-p-glucamine (NMDG) was substituted
for Na™ ions. In this medium, the fast inward current was abol-
ished, and the slower outward current was decreased. In this
Na *-free condition, there was no statistically significant differ-
ence in the amplitude of the outward current between the P924L
Slack cells and WT cells (Fig. 2B, E).
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A, Slack expression measured by Western blot via a custom antibody specific for Slack and targeted to multiple epitopes (Brown et al., 2008) is similar in P924L and WT cells regardless

of cell plating method. A stable rat Slack expressing cell line is used as control. B, No significant differences were seen in normalized Nav1.1 (p = 0.45,n =7),Kv1.1(p = 0.19,n =7),orBK(p =
0.73,n = 10) expression between P924L and WT preparations (Student’s ¢ test of densitometry values).

To isolate the Na *-dependent outward current, traces from
cells in NMDG were averaged and subtracted from the traces
obtained in the external Na ™ medium. The difference current at
the end of the voltage pulses, corresponding to the steady-state
Ky, current, was substantially increased by the mutation, by as
much as 20-fold over that in WT neurons (Fig. 2C,F).

The differences between the outward currents in WT and
P924L Slack cell lines were most evident at more positive voltage
steps, consistent with a voltage-activated current. At the upper
limit of +70 mV, for example, the outward current in the Na *-
free, NMDG-containing medium was not significantly different
between WT (0.75 * 0.13 nA) and the mutation (0.80 * 0.070
nA; p = 0.99, n = 18, Student’s t test with Holm correction). In
contrast the outward current in the presence of extracellular Na ™
was 0.68 = 0.080 nA for WT cells compared with 1.07 = 0.16 nA
for the mutation (p = 9.5 X 10, n = 17, Student’s t test with
Holm correction). The corresponding Ky, current estimates
were —0.065 * 0.080 nA for WT and 0.277 * 0.156 nA for the
mutation (p = 1.1 X 10 %, n = 17, Student’s ¢ test with Holm
correction).

Early maturation P924L Slack-expressing neurons have
briefer, more numerous evoked action potentials

To compare the firing properties of individual P924L Slack and WT
neurons at DIV 7-38, the resting potential of all cells was adjusted to
—60 mV in the current-clamp mode, using a small steady holding
current. The cells were then hyperpolarized and depolarized with
400 ms current injections applied in 3 pA increments.

We first compared the characteristics of the earliest action
potential triggered by a suprathreshold depolarizing current.
(Fig. 3A). The width of action potentials (full width at half max-
imum from the identified threshold potential) was significantly
shorter in the P924L neurons (8.32 = 0.66 ms for WT, 5.87 *
0.61 ms for P924L, p = 0.0128, n = 22, Student’s t test; Fig. 3A).
In addition, the maximal afterhyperpolarization depth after the

first threshold action potential was increased in neurons bearing
the P924L mutation (5.62 = 1.05 mV for WT, 10.40 *= 1.27 mV
for P924L, p = 0.0105, n = 22, Student’s t test). These changes are
evident in representative recordings of action potentials at the
onset of the depolarizing step (Fig. 3 B, C, insets).

Some other characteristics of the response to depolarizing and
hyperpolarizing steps did not show a significant difference be-
tween WT and P924L Slack cells. The action potential threshold,
as calculated from the second derivative of a dV,,,/dt vs V, plot,
was similar between the two cell types (—19.3 £ 1.6 mV in WT vs
—21.7 = 1.1 mV for P924L, p = 0.244, n = 26, Student’s ¢ test).
The amplitudes of action potentials as measured from the hold-
ing potential were not appreciably different (72.12 = 2.17 for
WT, 75.68 = 2.24 for mutant, p = 0.43, n = 26, Student’s ¢ test).
We did not identify any significant difference in input resistance
(WT 0.395 = 0.100 GQ/pF, P924L 0.230 = 0.038Q)/pF, p = 0.14,
n = 22, Student’s t test), which was calculated from the change in
voltage in response to the range of subthreshold hyperpolarizing
current pulses in the current-clamp mode.

The number of action potentials evoked by 400 ms depolariz-
ing currents was greatly increased in the P924L Slack-expressing
neurons. In control neurons, depolarizing currents elicited by
400 ms current steps over the range of 6 to 40 pA above the action
potential threshold current usually evoked only a single action
potential (Fig. 3A, B). In contrast, in Slack P924L cells, the same
currents typically evoked two to three action potentials (Fig.
3A,C). For example, at 30 mV above threshold, there were 1.10 *
0.10 evoked action potentials in WT and 2.17 = 0.42 in P924 cells
(Fig. 3A). The maximum number of action potentials that could
be elicited in each cell over the entire range of current step ampli-
tudes (Fig. 3A) was a median of 1 for WT neurons (range 1-4) and 4
for P924L Slack neurons (range 1-6), corresponding to a highly
significant increase (p = 0.0005, #n = 26, Mann—Whitney U).

During a train of action potentials evoked by a depolarizing
current, changes in action potential height and width were evi-
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KCNTT P924L increases neuronal Ky, currents. Ky, currents were measured by recording outward currents in the presence or absence of extracellular sodium. A, D, Voltage-clamp

recordings of Slack P924L cells have a larger steady-state outward current when sodium is present, consistent with an increased Ky, current. B, E, In the condition where extracellular sodium is
removed, the outward current for P924L neurons is no longer different from that in WT neurons. €, F, The difference current, a measure of Ky,, is substantially larger in P924L than WT, as would be
expected for increased Slack channel activity. Significance values shown are from Student’s ¢ test with Holm—Sidak correction for multiple comparisons. n.s., non significant.

dent throughout the train (Fig. 3C). When current steps were
able to evoke more than one action potential in a WT neuron, the
differences in width and subsequent afterhyperpolarization that
were quantified for the first action potential in control and P924L
Slack cells were also evident for these later action potentials.
Figure 3D shows examples of such later action potentials that
occurred at the same time following the onset of depolarization of
a WT and a P924L Slack neuron.

Later maturation Slack P924L neurons continue to display
increased AHP and firing rates

The initial recordings suggested an early stage of neuronal matu-
ration based on observations of short, infrequent action poten-
tials (Sun et al., 2016). Recordings were repeated (Fig. 4) at a later
maturation stage (DIV 1416 after plating), going as late as pos-
sible before cell attachment began to be compromised. Intracel-
lular and extracellular solutions as well as the protocol for current
clamp were unchanged. In these cells, there was still no significant
difference in the voltage threshold for activation (—27.1 * 2.3
mV for WT, —31.6 = 1.5 mV for P924L, p = 0.10, n = 30).
Narrowing of the action potential displayed enough variance that

there was no longer a significant difference in width (7.57 * 1.1
mV for WT, 5.38 = 0.66 mV for P924L, p = 0.09, n = 30). There
was a borderline difference in the height of the first AP for the
more mature cells (72.4 = 2.0 mV for WT, 80.5 + 3.2 mV for
P924L, p = 0.047). This did not appear to be highly significant as
evident from the degree of scatter. The most prominent differ-
ence in shape was that the AHP depth remained substantially
increased with the mutation (4.7 = 1.1 mV for WT, 11.0 *+ 1.4
mV for P924L, p = 0.001, n = 30). Spike counts elicited by a
voltage stimulus remained more frequent with the mutation. The
maximum number of spikes elicited per pulse in an individual
cell was a median of 1, mean of 1.9 in WT and median of 5, mean
of 4.1 for P924L (p = 0.009, n = 30, Mann—Whitney U tset).

Increased AHP from P924L Slack neurons persists with block
of BK or Kv1 channels

The simplest interpretation of the increase in AHPs in P924L
Slack neurons is that the increase in AHP is caused directly by the
increase in Slack current. Because there is no specific blocker of
Slack channels, this could not be tested directly. It is possible,
however, that the increased AHPs could result from adaptive
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Figure 3.

Changes in action potential caused by Slack P924L support neuronal hyperexcitability at DIV 7— 8. 4, Current-clamp recordings of Slack P924L cells have similar action potential

thresholds and heights as WT cells but shorter spike width and deeper afterhyperpolarizations. P924L cells generate more action potentials over a range of currents. The maximum number of action
potentials generated by each cellis higher for P924L. B, €, Sample current-clamp recordings in response to an inward current step stimulus demonstrate that WT neurons have a single action potential followed
by minimal afterhyperpolarization (B), whereas P924L neurons have prominent afterhyperpolarization allowing the cell to fire multiple action potentials by bringing the voltage back below threshold (C).
Significance values shown are from Student’s t test. Whisker plots represent SDs and error bars for stimulus-dependent spike counts (A, lower left) represent SEM. n.s., non significant.

changes in other K™ currents known to contribute to the fast
AHP in neurons, specifically Ca**-activated BK currents or
Kv1.1/Kv1.2 voltage-dependent currents. To test this possibility,
we repeated the current-clamp experiments on cells at DIV 8-9
in the presence of blockers of these channels (Fig. 5). In the pres-
ence of 2 mM paxilline, a BK antagonist (Zhou and Lingle, 2011,
2014) that has no effect on Slack currents (de Los Angeles Tejada
etal., 2012), WT cells had an AHP amplitude 5.5 = 1.6 mV (n =
11) vs 13.6 = 2.0 mV (n = 15) for P924L, again significantly
different (p = 0.007). a-dendrotoxin is a blocker of Kv1.1 and
Kv1.2, major voltage-dependent K ™ channels in the CNS, as well
as of Kv1.6 (Wang et al., 1998; Harvey and Robertson, 2004). In
the presence of 100 uM a-dendrotoxin, WT cells had an AHP
amplitude 0of 4.0 = 0.9 mV (n = 11) and mutant cells had an AHP
0f9.9 = 1.0 mV (n = 14), which was again significantly different
from WT (p = 0.0004) (Fig. 5). These findings indicate that
compensatory increases in BK or Kv1 channels in response to the
P924L Slack mutations are unlikely to be a major factor in the
increased AHP amplitude.

Numerical simulations of increased Ky, current predict more

numerous evoked action potentials.

Because activation of K™ channels causes hyperpolarization of
the plasma membrane, an increase in K currents is often asso-
ciated with reduced excitability. A clear exception to this is K™
channels that activate only at positive potentials, such as Kv3-
family of channels, for which increases in current promote high-
frequency firing (Kaczmarek and Zhang, 2017). Although Slack
channels are not strongly voltage-dependent, their dependence

on Na ¥ ions implies that maximal activation occurs during ac-
tion potentials when Na ™ influx is maximal. To test the potential
effects of an increase in Slack currents alone on neuronal firing,
we performed numerical simulations on a simple neuron model
that incorporated only a Na™ current I,, a leak current I;, a
voltage-dependent K™ current I, and a Na *- activated K * cur-
rent Iyy,. The kinetic parameters for the latter were based on
previous recordings and simulations of Ky, currents (Wangetal.,
1998; Brown et al., 2008). The Na " concentration at the cytoplas-
mic face of the Ky, channels was determined both by Na * entry
through voltage-dependent Na ™ channels and by a steady-state
leak of Na ™ ions into the cell, and these were balanced by a first
order process of pumping intracellular Na* from the cell. The
ratios of the conductances for I,, I;, and Iy, were adjusted to
generate a single action potential in response to a step depolar-
ization, similar to the responses for neurons in the 7—-8 d after
plating cortical cultures.

The effects of progressive increases in Iy, are shown in Figure
6A, which shows both the firing response and the accompanying
changes in intracellular Na " levels under the plasma membrane.
With the introduction of low Ky, currents, model neurons began
to display a small fast afterhypolarization response. The most
evident change in firing patterns in response to small increases in
In. Was a progressive increase in the amplitude of the afterhy-
perpolarization following each action potential. As I, was in-
creased, an after-depolarization emerged following the initial
spike. Finally, as I+, was further increased, repetitive firing was
evoked throughout the duration of the depolarizing pulse. Thus,
the changes in firing patterns observed in the iPSC-derived neu-
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Current-clamp recordings of later-stage P924L-expressing IPS-derived neurons continue to display a hyperexcitable phenotype. A, Changes in the shape of the first threshold action

potential caused by Slack P924L at DIV 14 -16. A, Current-clamp recordings of Slack P924L cells have similar AP thresholds but deeper after hyperpolarization. P924L cells generate more action
potentialsinresponse to a stimulus over a range of current amplitudes and have a larger number of maximum elicitable spikes. Data shown as mean == SD except for stimulus dependent spike count,
which is SEM. B, Typical WT cells elicit a mean of two spikes. €, Typical P924L cells, in this case with the same current of 15 pA above baseline as the example in B, demonstrate a mean of more than

four spikes.

rons are compatible with those expected from elevated Ky,
currents.

Figure 6B shows the time course of activation of I, intracel-
lular Na™, the Na™- activated Iy, current, the voltage-
dependent current Iy, and the leak current I; for a simulation
with alow and high value of K, conductance. Resting membrane
potential was the same in both conditions. The emergence of
repetitive firing is seen to be associated with the progressive ac-
cumulation of Na ™ and Ky, current. Figure 6, C and D, shows
changes in spike threshold, height, width, and depth of afterhy-
perpolarizations for the simulations of Figure 6A. As with the
P924L Slack cells, the emergence of sustained firing was associ-
ated with a marked increase in spike afterhyperpolarizations.

Slack P924L increases aggregate spontaneous firing rates,
burst behaviors, and synchrony

To record the simultaneous activity of multiple neurons in a
dense synaptically connected network, cells were plated as high-
density clusters of ~60,000 cells on MEAs. Control (n = 24) and
P924L (n = 24) cells exhibited spontaneous firing and, in both
types of clusters, repeated bursts of action potentials were evident
(Fig. 7). Overall, Slack P924L-expressing cells had an increased
mean firing rate (0.360 = 0.037 Hz for WT, 0.554 % 0.064 Hz for
P924L, p = 0.0116). The characteristics of the bursts of firing
were also substantially different between the two cell types. Bursts
were detected using a Poisson surprise analysis (Legéndy and
Salecman, 1985). The frequency of these bursts was more than
doubled by the mutation (4.09 * 0.48 bursts/min for WT,
10.44 * 1.50 bursts/min for P924L, p = 0.0002). Moreover, the

spike rate within each burst (burst intensity) was increased for
P924L-Slack cells (6.42 *= 0.58 Hz for WT, 8.66 * 0.69 Hz for
P924L Slack, p = 0.0174), but burst durations were shorter
(3.26 £ 0.39 s for WT, 1.70 = 0.20 s for P924L, p = 0.0009). In
addition, we measured the synchrony of activity between elec-
trodes in each well and found that synchrony index values [0—1]
were increased by >60% in recordings of P924L activity relative
to WT (1.037 X 10 2 = 0.096 10 2 for WT vs 1.690 X 10 % +
0.178 X 10 > for P924L (p = 0.0023).

Discussion

Human iPSC-derived neurons have a Na "-dependent K™ cur-
rent that is substantially enhanced by the MMPSI-associated
KCNT1 P924L mutation. Previous work demonstrated gain-of-
function of the Slack current using heterologous expression of
this and other epilepsy-associated mutations in Xenopus oocytes
(Barcia et al., 2012; Kim et al., 2014; Milligan et al., 2014). Our
findings provide direct evidence that neurons carrying an epi-
lepsy associated Slack mutation also have an increased Ky, cur-
rent. The demonstration of a hyperexcitable phenotype for this
mutation underscores the impact iPSCs can provide when inves-
tigating neurological disorders within their native milieu. Action
potentials in these neurons are shorter and are followed by a
larger fast afterhyperpolarization. The effects on this afterhyper-
polarization are preserved in the presence of BK and Kv1 channel
antagonists. In response to a maintained inward current, cells
with the mutation can sustain more action potentials. It is likely
that the increased afterhyperpolarizations accelerate recovery
from the refractory period after each action potential, allowing
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Student’s t tests.

generation of additional spikes. The findings of the multielec-
trode array experiments, including increased burst frequency and
intensity, also support the observation that neurons that express
the mutant Slack channel have increased intrinsic excitability.
The cells in these experiments appeared to be at an early matura-
tional stage as indicated by the height of the action potentials and
limited firing. Because MMPSI is an early onset neurodevelop-
mental disorder, these early excitable properties of neuronal mat-
uration may more accurately represent a model of the disease
than more mature neuronal membrane properties.

There are two general possible explanations for the increase in
excitability in cells expressing the gain-of-function P924L Slack
mutation. One explanation is that the increased Ky, current is
directly responsible for increased firing rate. At first sight, this
might appear counterintuitive because an increased potassium
conductance is usually associated with lower excitability, the re-
verse of what is observed in epilepsy. Our numerical simulations
of a very simple neuronal model, however, clearly demonstrate
that an increase in the amplitude of afterhyperpolarizations, cou-
pled with an increase in the numbers of actions potentials evoked
by a depolarizing stimulus is indeed produced by an increase in
Slack conductance with no changes in any other parameter. The
major assumption made in this simple model is that Slack chan-
nels are activated rapidly by Na™ entry though voltage-
dependent Na™ channels. This is supported by experimental
evidence demonstrating that K, currents are activated within
milliseconds of onset of an action potential or of AMPA-
mediated synaptic currents and that Ky, channels cluster with
Na™ channels at nodes of myelinated axons (Koh et al., 1994;

paxilline

Changes in afterhyperpolarization associated with the Slack P924L mutation are maintained in the presence of
antagonists to other potassium channels. A, Representative current-clamp recordings in response to current steps from Slack WT
and P924L neurons in the presence of 100 pum c-dendrotoxin, a Kv1.1/Kv1.2/Kv1.6 antagonist, or 2 mm paxilline, a BK antagonist.
The threshold of the first action potential is marked with a dashed line. Scale bars, 20 mV and 20 ms. B, Group data from multiple
cellsin a control solution and with either drug added to the extracellular solution. Significance values are derived from two-tailed
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Hess et al., 2007; Nanou et al., 2008). This
rapid transient activation of K, currents
is kinetically distinct from slower compo-
nents that have also been detected during
neuronal firing and that are activated by
persistent Na™ channels (Budelli et al.,
2009; Hage and Salkoff, 2012; Kaczmarek,
2013).

The simulations we have described
should not be considered to represent a
biophysically realistic model, nor an at-
tempt to faithfully represent the detailed
behavior of the cells. They incorporate
only Na ™, Kv and channels with no other
active conductances. They have been
highly simplified to illustrate the concept
that high Ky, currents can lead to hyper-
excitability. With any multiparametric
model, and particularly a nonlinear one,
the results are sure to depend greatly on
the parameter set and initial conditions.
This has been shown for example with BK
channels (Montgomery and Meredith,
2012; Whitt et al., 2016), in which gain of
function of a K, current could either in-
crease or decrease neuronal firing based
on other parameters (in that case, associ-
ated with time of day in suprachiasmatic
nucleus neurons). Despite the limitations,
our simple model yielded the results
shown without any parameter tuning and
shows that it is in theory feasible for high
Ky. currents (associated with increased
fast AHP) to increase neuronal firing fre-
quency, similar to our experimental observations. The principal
constraint of the model is that Na ™ entry during the action po-
tential must activate the Ky, channels sufficiently rapidly to con-
tribute to the fast AHP.

An alternative explanation for increased excitability is that the
presence of mutant channels induces compensatory changes in
other conductances. Although we found no changes to Na,1,
Kvl1.1 or BK channel levels in neurons expressing the mutation,
and the changes in AHP were preserved with blocking Kv1 family
and BK conductances, we cannot eliminate the possibility of
changes in other channel pore-forming subunits, their auxiliary
subunits, or in enzymes that could influence these proteins. Such
compensatory changes could explain the minor differences in the
effects of the mutation at the two developmental stages we stud-
ied. Moreover, Slack channels interact with components of cell
signaling pathways such as Phactr-1 and FMRP (Brown et al.,
2010; Zhang et al., 2012; Fleming et al., 2016) and these interac-
tions could be disrupted by the mutation. Understanding the
potential consequences of such cellular alterations, which may
result in changes beyond altered excitability, will likely require
animal models rather than iPSC-derived neurons. Indeed there is
evidence that compensatory changes in neurons with epilepsy-
associated ion channel mutations contribute to pathology—for
example loss of Navl.l channel activity leads to SK channel
downregulation and increased thalamic bursting (Ritter-
Makinson et al., 2019). Such compensatory changes might addi-
tionally influence treatment options (Isom, 2019). Nevertheless,
the finding that the altered excitability in neurons with the P924L
mutation closely matches that seen in simple model simulations

= WT
mm P924L
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Figure 6.  Numerical simulations of the effect of increasing Slack Ky, conductance in a simplified model neuron while holding other parameters constant. A, Progressively increasing the Ky,
current increases afterhyperpolarizations and eventually trigger repetitive firing during maintained depolarization. B, Time course of membrane potential, /y,, intracellular Na ™, /. /., and the
leak current /, for a simulation with a low and high value of K, conductance. C, D, Action potential activation thresholds (C) and height (D) show minimal changes. There is a progressive decrease
in spike width (E) and increase in AHP depth (F) as the maximum K, conductance is increased. Thresholds were measured as the minimal stimulating current that triggered an action potential.
Action potential height was measured as the membrane potential at the peak. Width was measured at 0 mV, and AHP depth was measured at the most negative membrane potential reached
following the first action potential.
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potential (AP) timings across time (90 s) for all 16 electrodes within the well. Poisson burst statistics were used to capture and quantify momentary, high-frequency bursts. B, Firing and
bursting statistics averaged across all wells (n = 24 per group) show that Slack P924L increases the mean firing rate (p << 0.05) and synchrony (p << 0.01), with greater burst frequency
(p <0.01) and higher burst intensities (p << 0.05). Although bursts in P924L cells are more frequent and more intense, they have shorter durations (p << 0.01) than control. Error bars

indicate SEM.

of increased Ky, argues that the increase in this component of
current alone is a major factor that increases excitability.

The multielectrode array results also suggest that the timing of
firing in networks of neurons with the P924L Slack mutation is
altered, producing an increase in measures of synchrony in the
clusters, and increasing the overall activity of groups of neurons.
Indeed, activation of Slack channels has previously been demon-
strated to regulate the timing and accuracy of high-frequency
firing of neurons in the auditory brainstem (Yang et al., 2007).
Epilepsies associated with Slack mutations might, therefore, be
considered disorders of hypersynchrony.

P924L is only one of many epilepsy-associated Slack muta-
tions identified to date (Barciaetal., 2012; Heron et al., 2012; Kim
et al., 2014; Martin et al., 2014; Milligan et al., 2014; Shimada et
al., 2014; Moller et al., 2015; Mikati et al., 2015; Rizzo et al., 2016;
Tang et al., 2016). Phenotypes cover a spectrum from severe in-
fantile epilepsies (MMPSI or Ohtahara syndrome) to later-onset
ADNFLE. Because these various mutations consistently show in-
creased conductance when heterologously expressed, the mech-
anism of hyperexcitability demonstrated here is likely to be
relevant regardless of the specific mutation. Similarly, specific
inhibition of the Slack current would be expected to reduce hy-
perexcitability in any Slack-associated gain-of-function epilepsy.

Gain-of-function mutations in several other potassium chan-
nels have also been proposed to cause epilepsy, but the mecha-
nism by which they lead to epilepsy is likely to differ. The most
similar may be the BK channel (KCMA1), which has high struc-
tural similarity to Slack (Hite et al., 2015). Mutations that cause
BK channels to open more, due to changes in either voltage de-
pendence or calcium sensitivity, are known to cause epilepsy,
often with paroxysmal dyskinesia (Du et al., 2005; Wang et al.,
2009; Li et al., 2018). The mechanism is unknown but may par-
allel that for Slack, as both channels are cation-activated.

Another interesting parallel is Kv3.1 (KCNCI). This high-
threshold channel is thought to speed up action potential recov-

ery and promote rapid firing (Rudy and McBain, 2001; Labro et
al., 2015; Kaczmarek and Zhang, 2017) similar to what we pro-
pose for mutant Slack. Within the cerebral cortex, these channels
are expressed in inhibitory neurons, and loss-of-function point
mutations cause progressive myoclonus epilepsy (Muona et al.,
2015).

A limitation of the study is that we have only evaluated the
P924L homozygous condition, whereas a heterozygous muta-
tion is sufficient to cause human epilepsy. Although the use of
cells with a homozygous mutation makes analysis more
straightforward, heterozygous cells may behave differently, in
part because of heteromer formation and other potential in-
teractions between WT and P924L subunits. Nevertheless,
even the effects of a single copy mutation in iPSC-derived cells
could be very different from those of the same mutation in a
developing brain.

In addition to producing early-onset seizures, Slack mutations
are associated with severe intellectual disability (Kim and Kacz-
marek, 2014). It is not yet clear to what extent this results from
seizures themselves or from other cellular alterations. ADNFLE
can be caused either by mutations in Slack or in the neuronal
nicotinic acetylcholine receptor. The fact that reported cases of
Slack-associated ADNFLE have much more severe neuropsychi-
atric/neurodevelopmental consequences than those caused by
nicotinic acetylcholine receptor mutations suggests that Slack
mutations impair development beyond simply triggering sei-
zures (Steinlein et al., 1995; Heron et al., 2012). Nonconducting
functions of Slack including protein—protein interactions with
Phactr-1 and FMRP, which regulate RNA translation and other
aspects of cellular signaling, may provide another pathological
mechanism distinct from the direct effect of the mutations on
hyperexcitability. Pharmacological treatments that address both
aspects of channel function may prove the most therapeutically
useful.
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