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Abnormal cytoskeletal remodeling but
normal neuronal excitability in a mouse
model of the recurrent developmental and
epileptic encephalopathy-susceptibility
KCNB1-p.R312H variant
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Integrin_K* Channel_Complexes (IKCs), are implicated in neurodevelopment and cause
developmental and epileptic encephalopathy (DEE) through mechanisms that were poorly
understood. Here, we investigate the function of neocortical IKCs formed by voltage-gated potassium
(Kv) channels Kcnb1 and a5B5 integrin dimers in wild-type (WT) and homozygous knock-in (KI)
Kcnb17372H%) mouse model of DEE. Kenb 1732474 mice suffer from severe cognitive deficit and
compulsive behavior. Their brains show neuronal damage in multiple areas and disrupted

corticocortical and corticothalamic connectivity along with aberrant glutamatergic vesicular transport.
Surprisingly, the electrical properties of Kecnb1772H+/*) pyramidal neurons are similar to those of WT
neurons, indicating that the arginine to histidine replacement does not affect the conducting properties
of the mutant channel. In contrast, fluorescence recovery after photobleaching, biochemistry, and
immunofluorescence, reveal marked differences in the way WT and Kcnb172H/%) neurons modulate
the remodeling of the actin cytoskeleton, a key player in the processes underlying neurodevelopment.
Together these results demonstrate that Kv channels can cause multiple conditions, including
epileptic seizures, through mechanisms that do not involve their conducting functions and put forward
the idea that the etiology of DEE may be primarily non-ionic.

Building evidence indicates that voltage-gated potassium (Kv) channels are
not isolated entities in the plasma membrane but rather key elements of
broader networks of interacting proteins. An example in this sense is pro-
vided by the Kv channel Kenb1. The channel is widely expressed in the brain
where it mediates an important delayed rectifier potassium (K*) current.
Like other Kv channels, Kenbl forms stable complexes with integrins,
named Integrin_K" Channel_Complexes or IKCs'. These IKCs modulate
both the migration of glutamatergic excitatory neurons to the upper neo-
cortical layers (UL) during neurodevelopment and their excitability™’.
Furthermore, the KCNBI gene is implicated in developmental and epileptic
encephalopathy (DEE), an umbrella term to describe a group of conditions

in which severe developmental delay is often associated with infant epilepsy
characterized by seizures, often drug-resistant, and abundant epileptiform
activity*. To date, more than 50 KCNBI pathogenic variants have been
discovered in children with DEE*”. The clinical manifestations of KCNB1
mutations vary: all patients have developmental encephalopathy and the
majority (~80%) experience seizures. Roughly 30% of those patients also
present brain anomalies that may include white matter malformations,
brain atrophy, cerebellar volume loss, and abnormal corpus callosum™’.
Notably, clinical cases of patients having brain anomalies with mild phe-
notype and no seizures are also documented®'*'". Even though the etiology
of DEE is typically monogenic, the epilepsy and the encephalopathy develop
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independently of each other'>". This highlights one challenge in DEE
research: to decipher how a single gene can simultaneously cause multiple
conditions. The discovery of the IKC can provide an answer to this con-
undrum as an aberrant IKC has the potential to cause both epilepsy and
developmental encephalopathy, presumably via electrical (ionic) and non-
electrical (non-ionic) mechanisms. In this study, we analyze the properties
of IKCs expressed in the brains of wild-type (WT) mice and of a homo-
zygous Knock in (KI) mouse model of DEE harboring the Kcnb1™'* allele’.
We show that the latter animals present broad cognitive impairment and
brain malformations, that along with the epilepsy reported previously, are
reminiscent of the human DEE phenotype. At the molecular level, the IKC
modulates the remodeling of the actin cytoskeleton, a major substrate of
integrins and a key element in many neurodevelopmental mechanisms.
Remarkably, the electrical properties of primary pyramidal Kenb1®2#+/+
neurons are normal. Together this suggests, that a defective IKC can cause
multiple conditions, including epileptic seizures, via mechanisms that do
not depend on its conducting functions.

Results

Kcnb17312H+Y) mice exhibit developmental encephalopathy-

like traits

We monitored the mice in a non-invasive manner, using the Digital Ven-
tilated Cage (DVC) system, which continuously records the position of the
animal in the cage using touchless sensors. Physical activity is minimal and
comparable between WT and Kcnb ™" mice during the diurnal cycle,
when the animals typically rest (Fig. 1A. The KenbI®'" mouse, bears a
mutated allele that causes an arginine to histidine replacement in the S4
transmembrane segment). In contrast, Kcnb 1™ mice are largely more
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Fig. 1 | Kenb1™#¢/Y) mice are hyperactive. A Heat maps showing 24 h of activity
of single-housed WT and Kcnb1™2"*"*) males and females. The period of major
activity begins at ~ 18 h, when the light is turned off, and terminates at ~6 h, when
the light is turned on. N = 7 mice/sex/genotype, recorded over a week. B Distance
traveled per minute, during the day, averaged over a week for WT and Kcnb1®2++)
males and females. N = 28 mice (seven males and seven females per genotype).

C Cumulative daily distance traveled over a week by WT and Kenb 1) males

active than WT mice during the nocturnal cycle. As the former animals are
subject to spontaneous convulsive seizures, which may give rise to false
readings, we computed the distance traveled per minute’. Distance per
minute was minimal for WT and Kenb1®"*"*"* males and females over the
daily hours and largely increased over the night (Fig. 1B). Overall
Kenb1™PH mijce traveled a camulative distance roughly twice as much as
WT mice over a week (Fig. 1C). In a second experiment we recorded the
cumulative distance run on a wheel. In a week, WT male and female animals
together run ~10 km. In contrast the Kenb 1™+ animals run ~65 km, a
6-7-fold increase (Fig. 1D). We conclude that KenbI®™'2*) mice are
physically hyperactive in agreement with other mouse models of DEE'*"".
As DEE children present broad-spectrum developmental deficits, we next
assessed several neurological functions in WT and KenbI™2H4) animals,
ranging from sensory perception and processing, to organized thinking. To
this end, mice were subject to the nest building test, which gauges the general
well-being of the animal and requires a significant amount of organized
thinking; the marble burying test, which may reveal obsessive-compulsive
traits; the path integration (dead reckoning) test, that determines the ability
of the animal to construct mental maps of an unknown environment and
return home without learned references; the visual looming test, that eval-
uates awareness to sudden dangers; the visual cliff that evaluates depth
perception; the startle reflex test, that gauges response to sudden or threa-
tening stimuli and the gait and hanging test, to measure muscular
function'*. Notably, Kcnb 1™ mice performed significantly worse in
all the tests compared to WT, revealing severe neurological dysfunction
(Fig. 2). Even the poor performance of Kcnb1**?"™*) mice in the hanging
test (Fig. 2G) is likely due to underlying neurological issues, for example
depression—a common comorbidity of epilepsy—as those animals are
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and females. N = 28 mice (seven males and seven females per genotype).

D Cumulative distance run on the running wheel over a week by WT and

Kenb ™28/ males and females combined. N = 5 mice (three males and two
females per genotype). In all experiments, three-month-old mice were used. There
were no differences in size and body weight between WT and Kcnb ™20/ mice.
"P<0.05, P <0.001, two-tailed student’s t-test.
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Fig. 2 | Kenb1™"""") mice present severe cognitive impairment. A Percentage of
nesting material used and nesting score (see methods) for WT and Kcnb 1™+
(R312H) mice. B Mean number of marbles buried by WT and Kcnb ™24/ mice.
C Violin plot of the magnitude of response to a visual looming threat for WT and
Kenb 1™/ mice. N = 5 mice/genotype. D Time spent in the safe zone of the visual
cliff arena for WT and Kcnb1™"?**) mice. E Violin plot of the magnitude of
response to a startling sound of WT and Kcnb 1™ mice. N = 8 mice/genotype.
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F Representative heat maps of the distance traveled and quantifications of the
comebacks to the house, mean speed, and distance traveled in the dead reckoning
test by WT and KcenbI™""*") mice. Scale bars 20 cm. G Latency to fall in the
hanging test for WT and Kcnb 1'% mice. In all behavioral tests, three-month-
old mice were used. "P < 0.05, P <0.001, and """P < 0.0001, two-tailed student’s

t-test.

physically hyperactive and their gait is normal. We reported previously that
Kenb1®2H mice do not reproduce (they are obtained by breeding of
heterozygous pairs), compulsively self-groom, and show high levels of
anxiety’. In summary, the extensive neurological dysfunction of the
Kenb1®2HY mouse, along with hyperactivity and the severe seizure
phenotype reported previously, suggests that this animal captures key
aspects of the developmental phenotype of human DEE.

Severe anomalies in the brains of Kcnb 172+ mice

Even simple behavioral responses such as the startle reflex, involve crosstalk
between many brain structures including the hippocampus, the amygdala,
and the anterior cingulate cortex’"”. This suggests that the broad behavioral
impairment of the KenbI™#**) mouse may underscore diffuse brain
anomalies. Indeed the glutamatergic excitatory neurons destined for the UL,
do not migrate properly in Kcnb1®2**) embryos, causing anatomical
anomalies in the adult brain’. Thus, to characterize the impact of the
Kenb1™"?" allele on neuroanatomy, also in light of the cognitive deficit of the
mice, we performed immunofluorescence (IF) in brain slices. The overall
thickness of the neocortex, co-immunostained with antibodies that recog-
nize neurofilament medium (NFM) and LICAM protein is similar in WT
and Kenb 1™ mice (Fig. 3A, B). However, the relative thicknesses of
individual upper layers are altered in the KcnbI1™'**") neocortex, with
layer I thicker and layers IT and III thinner compared to WT, consistent with
the migratory defects of the glutamatergic neurons of those animals’®
(Fig. 3C, D). In contrast, the thickness of individual lower layers (LL) is
similar (Fig. 3E, F). These results are summarized in parts of the whole
representations in Fig. 3G. Notably, analysis reveals marked histologic
alterations in other brain structures including the CC (Fig. 3A, H. Of note,
human KCNBI DEE-susceptibility alleles are associated with CC
anomalies®), the bundle of interhemispheric fibers between the CC and the

cingulum bundle (Fig. 3I), the cingulum bundle (Fig. 34, J), the fimbria-
fornix (which is implicated in path finding”, Fig. 3A, K) and the habenular
nuclei (Fig. 3A, L). Neuronal histology of the hippocampus, is similar in WT
and Kenb1™"%%) glices, in agreement with a previous study that utilized
Kenbl Knock Out mice (CA3, Fig. 3A, M)™.

Electrophysiological attributes are similar in WT and Kcnb17'24+/+)
neurons

Imbalances between excitatory and inhibitory conductances in the brain are
a common cause of seizures”. Accordingly, a well-established mechanism
by which Kv channels cause epilepsy is by dysregulating potassium efflux
and consequently, neuronal repolarization®. In heterologous expression
systems, the amplitude of R312H KCNB1 macroscopic current is greatly
decreased compared to WT due to a ~40 mV positive shift in the voltage-
dependence”. Hence, we hypothesized that the cause of the frequent sei-
zures of the Kenb 1™ mice was decreased K™ current. To test this, we
carried out electrophysiological recordings in primary cortical neurons at
days in vitro 14 (DIV14). Pyramidal neurons were identified by eye and their
identity was confirmed post-electrophysiological recording by amplification
of VGIuT1 mRNA a marker of those cells, along with Kcnbl mRNA using
the polymerase chain reaction analysis of gene expression in single neurons
technique of the patch clamp™ (Fig. 4A, B). Roughly 75% of the cells were
positive for Kenbl and VGIuT1 and those neurons were used in the analysis.
Representative families of whole-cell K* currents (Ik) elicited in WT and
Kenb1™PH%) neurons are illustrated in Fig. 4C. Macroscopic current-
voltage relationships (I-V), and normalized macroscopic conductance
(G/Gyax Eq. 1) are plotted in Fig. 4D, E. Interestingly, no differences are
apparent between the properties of WT and Kcnb1™*" macroscopic cur-
rent. We estimated the single-channel current (i) and open probability (p,,)
using noise-variance analysis*. Whole-cell currents were evoked by 10-20
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Fig. 3 | The brain of Kcnb1™"?"*'* mice shows diffuse neuronal damage.

A Representative confocal visualizations of neocortical neurons co-immunostained
with NFM (green) and LICAM (magenta) in the indicated areas of the brain (cortex
CTX, corpus callosum CC, cingulum Cing, nucleus habenular nucleus hab, fimbria
Fimbriae, CA3 region of the hippocampus: CA3) in WT and Kcnb1™"?"*") brain
slices. DAPI (blue color). Scale bars CTX: 200 pm. Others: 100 pm.

B-F Quantifications of the mean neocortex thickness (B) and of individual layers
(from left to right, Clayer I, D layers II-III, E layer IV, and Flayers V-VI) in WT and
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Kcnb1™'2H¢/9) (R312H) slices. G Part of the whole representations of the thickness of
the cortical layers in WT and KcnbI™#*/%) brain slices. H Quantifications of the
mean CC bundle of WT and Kenb1*2¢/) T As in (H) for the mean cingulum-CC
bundle. J As in (H) for the mean cingulum bundle height. K As in (H) for the mean
fimbria width. L As in (H) for the habenular nuclei. M As in (H) for the fibers of the
CA3 region of the hippocampus. Slices were cut from three-month-old brains/
genotypes at Bregma coordinates —1.46 mm/—1.58 mm (mouse brain atlas®).
"P<0.05and P <0.01, two-tailed student t-test.

consecutive voltage jumps from a holding voltage of —80 mV to 40 mV.
Mean current, I, and mean-variance %, were calculated and fitted to Eq.5
(Fig. 4F). Likewise for the macroscopic features of the current, we did not
detect differences in the estimated single-channel current and open prob-
ability (Eq. 6) of WT and R312H Kcnb1 channels. Together these findings
prompt two possible scenarios: either the R312H mutant conducts normally
in primary pyramidal neurons or vice versa, the WT channel is electrically
silent in those cells. To distinguish these two possibilities we isolated Kenbl
current (Ixeppi) from I, using 100 nM Guangxitoxin 1-E (GxTx) in the
bath®**"', The toxin similarly blocked Ix.p; in WT and Kenb1®'2HCH
neurons, providing the first indication that R312H Kcnbl mutant channels
conduct normally in primary neurons (Fig. 4G, H). However, GxTx blocks
Kcnb1 and Kenb2 channels with equal potency™. Even though Kenb2 is
expressed only in layers IT and V, to rule out potential effects due to blockage
of Kcenb2 channels, we recorded in neurons lacking Kcnbl channels,
obtained from KcnbI™*/¥) embryos™. The Kenb1“V™* mouse bears a
mutated allele that contains a stop sequence in the voltage-sensor domain,
giving rise to a truncated Kcnb1 protein that is degraded and does not reach
the plasma membrane’. Thus, macroscopic NULL current amplitudes at
+80 mV in the absence/presence of GxTx are illustrated in Fig. 4H, and a
family of currents, along with I-V and G/Gyy,y relationships are illustrated
in Fig. SIA-D. As expected, macroscopic K' currents in KcnbIN"9
neurons are significantly smaller than WT currents and are insensitive to
GxTx. In fact, the magnitude of NULL currents is comparable to that of WT
(or R312H) currents in the presence of GxTx, indicating that the
toxin primarily blocks Kenbl channels. We also observe a ~15 mV right-
ward shift in the voltage dependence of NULL currents, further suggesting
that Kenbl conducts an important voltage-dependent K™ current in pri-
mary cortical neurons. We next carried out whole-cell current clamp
experiments to characterize the excitability of WT and Kenb1®2H"
neurons. We assessed the passive membrane properties of the cells under
resting conditions and did not find significant differences in the rheobase,
input resistance, cell capacitance, and resting membrane potential of WT
and Kcnb1™"47%) neurons (Fig. 5A-D). The spikes fired by the neurons of
the two genotypes have similar amplitudes, half width (Fig. 5E, 5F), rise time
(WT=0.77+0.05ms; KcnbI™"*/*=068+0.018ms, nss, N=18

neurons/genotype, two-tailed t-test) and decay time (WT =1.17 + 0.06 ms;
Kenb1™PHC) =132 +0.07 ms, nss, N = 18 neurons/genotype, two-tailed t-
test). Overall, the electrophysiological characteristics of WT and
Kenb1™P2HCY pyramidal neurons in culture appear to recapitulate those of
native cells”. Most importantly, WT and KcnbI®?***) cells fire at similar
repetitive spike frequencies, which saturate in the same range of input
currents and increase by ~50% in the presence of GxTx (Fig. 5SH-5I).
Kenb1YUH) neurons fire at frequencies comparable to those of WT (or
Kenb ™21 cells in the presence of GXTx but are insensitive to the toxin
(Figs. 5I and SI1E, F). Furthermore, the passive characteristics of the
KenbINUME*) membranes are similar to those of WT (or Kcnb®2++)
membranes (Fig. S1G-]). Overall, these data led us to conclude that the ionic
properties of R312H Kcnbl mutant channels in cultured primary pyramidal
neurons are normal.

Vesicular glutamate transport is dysregulated in DEE mice

Since electrophysiological analysis rules out an ionic cause for the severe
seizure phenotype of the KcnbI™'?™ mouse, we sought to identify
alternative, non-ionic, mechanisms. IKCs are expressed in glutamatergic
excitatory neurons, and dysregulated glutamate release is causative of sei-
zures. Thus, we determined the levels of vesicular glutamate transporter
(VGIuT) isoforms 1 and 2 by western blot/densitometry (WBD, Fig. $2) and
immunofluorescence (Figs. 6 and $3)*'. WBD analysis reveals significant
upregulation of VGIuT1 and VGIuT2 protein in Kcnb1®™?*/) brains
compared to WT. The levels of control proteins, glutamic acid decarbox-
ylase, isoform 65 (GAD65), which along with GAD67, provide the major
supply of inhibitory gamma-aminobutyric acid (GABA) in the brain, and of
synaptosomal-associated protein, 25 kDa (SNAP-25), a key component of
the trans-SNARE complex are similar in the two genotypes’™. The
expression of the two VGIT isoforms is mostly complementary”*.
VGIuT1 is mainly expressed in excitatory neurons of the neocortex, hip-
pocampus, and cerebellum. VGIuT?2 is expressed in layer IV of the neo-
cortex, thalamus, and hypothalamus. Immunofluorescence reveals marked
differences in VGIuT expression between WT and Kcnbl®?2H
(Fig. 6A, C). Immunoreactivity to VGIuT1 is mostly decreased whereas that
to VGIuT2 is mostly increased across the various sub-anatomical parts of
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Fig. 4 | K" currents are similar in WT and Kenb1®*"*#¢/") primary neurons.

A, B Representative image of a typical cortical pyramidal neuron patched to a glass
pipette and RT-PCR amplification of Kcnbl1, VGIuT1, and for control, Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH), mRNA transcripts. RT-PCR was
carried out using the cell’s cytoplasm collected at the end of the electrophysiological
recording as described. Scale bar 20 um. C Representative whole-cell currents eli-
cited in a WT or KenbI™'2#¢*) pyramidal neuron. Cells were clamped at —80 mV
and currents were evoked by 0.5 s voltage steps from —80 mV to +-80 mV in 20 mV/
increments (inset). D Mean macroscopic current-voltage relationships for WT and
Kenb1®PHCY N = 40 cells/genotype. E Macroscopic normalized conductances
(G/Gpay) for WT and Kenb ™29 GGy, were calculated according to Eq. 1,
averaged, and fitted to the Boltzmann function (Eq. 2) with V, 1.18 mV and

V,=14.9mV for WT and V,,, =2.09 mV and V= 15.2 mV for Kcnb1*2H),

N = 40 cells/genotype. F Representative variance-mean current plots for WT and
Kenb1™20/9_ Currents were evoked by 10-20, repetitive voltage jumps from
—80 mV to +40 mV. Data were fitted to Eq. 5 with i = 6.3 pA, N = 558 channels for
WT and i = 5.1 pA, and N, = 543 channels for Kcnb1™?*/*), The estimated p, at
+40 mV (Eq. 6), is ~0.5 for both genotypes. G Representative WT and Kenb1®2++
currents at +80 mV in the absence/presence of 100 nM Guangxitoxin (GxTx) in the bath.
H Quantifications of WT, KenbI™#¢"? and Kenb ™™ current amplitudes at

+80 mV in the absence/presence of 100 nM GxTx in the bath. All recordings were
performed using DIV14 neurons, obtained from N=7 WT brains, N=7 Kcnb1®2++
brains, and N'= 5 Kenb ™"/ brains with three dishes/brain. "P < 0.05, " "P < 0.001, and
""'P<0.0001, one-way ANOVA with Tukey’s post hoc test.

the cortex, from the retrosplenial granular to the perirhinal region, in
Kenb1®PH compared to WT (Figs. 6B, C and  S2, S3). In addition,
VGIuT1 and VGIuT2 immunoreactivity is significantly dysregulated in
other brain structures, notably the amygdala, thalamus, and hypothalamus
(Fig. 6A, C). We conclude that the Kcnb1™?*% brain is affected by
extensive dysregulation of glutamatergic vesicular transmission.

Neuronal connectivity is disrupted in Kcnb1?3'2H+4) prains

The anatomical anomalies of Kcnb1®'?+/*) brains, along with the mor-
phological defects of their neurons previously observed, and their dysre-
gulated glutamatergic release are likely to have an impact on the
connectivity of those cells, as excitotoxicity is a well-established cause of
axonal damage”. The neocortical pyramidal neurons that express the IKC
are divided into three classes: intratelencephalic that project in the neo-
cortex and striatum, pyramidal tract that project into the striatum, and
corticothalamic that project into the thalamus®*. We visualized corti-
cothalamic and corticocortical projections with antegrade biotinylated
dextran BDA 488 MW3000 dye injected into the neocortex (Fig. 7), and
independently, with retrograde Fluorogold dye injected into the thalamus
(Fig. S4), and thalamocortical projections with the antegrade BDA 594
MW3000 dye injected into the thalamus (Fig. S5). Representative z-stack
images of antegrade BDA 488 MW3000 visualizations of axonal

projections and thalamic neuronal bodies are illustrated in Fig. 7A, B.
Examination of z-stack magnifications reveals markedly fewer fibers in the
corpus callosum (CC), in the subcortical layer where the efferent fibers
divide to project either in the thalamus or in the contralateral cortex (IPS
CX to CC), in the contralateral cortex (CNT CX), in the internal capsule
(Cp) and in the thalamus (Tha) of the Kcnb1**#*") brain compared to
WT (Fig. 7B). Experiments with Fluorogold and BDA 594 MW3000
further reveal significant impairment of corticothalamic and thalamo-
cortical projections in the Kenb1™*?"**) brain (Fig. $4 and S5). To better
visualize connectivity, we constructed heat maps of BDA 488 MW3000
anterograde tracing (Fig. 7C and Video S1). The maps reveal broad
alterations in the connectivity of the KenbI1™?"*/%) brain, which are
particularly appreciable in the cortical and thalamic areas. Of note, cor-
ticothalamic projections are virtually absent in the M1 and S1 cortical
structures and the CC of the Kenb1™?#/+ brain. Likewise, thalamic VPM
and VPL areas in the Kcnb 1®'?#/% brain also have lesser projections than
the WT brain. Summary quantifications are illustrated in Fig. 7D. The
number of contralateral (CNT) and CC fiber and thalamic (Tha) neurons
positive to the dyes are significantly decreased in Kcnb1®2 ) compared
to WT, confirming the existence of extensive connectivity disruption. In
contrast, ipsilateral (IPS) connections do not significantly differ between
the two genotypes, as expected.
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Fig. 5 | Similar firing patterns in WT and Kcnb1®?"**) primary neurons.
A-D Passive membrane properties of WT and Kenb1™2**) primary neurons:

A rheobase; B resting membrane potential (RMP), C capacitance, and D input
resistance. E Mean height of the action potential (AP) fired by WT or Kcnb®12H(+)
neurons. F Mean half width of the AP fired by WT or Kcnb1®"™* neurons.

G Spike frequency as a function of input current for WT and Kcnb ¥ neurons.
N =26 cells/genotype. H Representative current-clamp recordings of the electrical

WT R312H Null

activity of a WT and a KcnbI™""™* primary neuron in the absence/presence of
100 nM GxTx. Firing activity was triggered by a 100 pA current injection. I Spike
frequency induced by 50 pA current injection in WT, Kenb1®"#/* and

Kenb 1M neurons in the absence/presence of 100 nM GxTx in the bath. All
recordings were performed using DIV14 neurons, obtained from N=7 WT brains,
N =7 KenbI™H/9 brains, and N = 5 Kenb 1V brains with three dishes/brain.
“P < 0.05, two-tailed student’s ¢-test.
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expression in the various cortical parts. Insets: magnifications of the barrel cortex
(S1). C Quantifications of VGIuT1 and VGluT2 immunostaining in the various areas
of the brain. CX cortex, Hipp hippocampus, Hb habenular nuclei, Amyg amygdala,
Tha thalamus, Hl hypothalamus. N = 3 three months old brains/genotype. P < 0.05,
two-tailed student’s t-test.
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Fig. 7 | Disrupted neuronal connectivity in Kcnb1™"?") mice. A Representative
z-stack reconstructions (N = 20 sections) of corticocortical and corticothalamic
connections in a WT and Kcnb1®'2*"" brain visualized with antegrade BDA 488
MW3000 injected into the neocortex. Scale bars 200 um. B Representative z-stack
magnifications of the images in (A) visualizing the indicated brain structures (CC
corpus callosum; IPS CX to CC efferent ipsilateral cortical fibers in the CC, CNT CX
contralateral cortex—specular to the site of injection of the tracer, Cp internal
capsule, Tha thalamus). Scale bars 50 pm. C Connectivity z-stack (30 images) maps
for WT and Kcnb1®2) were drawn from experiments with BDA 488 MW3000.
Colors illustrate the density of projections (in %) ranging from green (66-100%) to
bronze (33-65%) to red (0-32%). The blue color is the site of the injection. N =4
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brains/genotype. Scale bars 0.2 cm. D Quantifications of connectivity assessed with
BDA 488 MW3000 in the ipsilateral cortex (IPS CX), contralateral cortex (CNT CX),
Thalamus (Tha), and CC in WT and Kcnb1®2#*+) mice. BDA MW3000 Alexa 488,
was injected into the cortex at the following coordinates in mm: Mid: — 1.2, Bregma:
—0.6, Top: —1.0. Images were taken from three-month-old brain slices cut at the
following coordinates in mm: CC Mid = 0; Bregma = —0.6, Top = —1.2. IPS CX to
CC Mid = —1.2; Bregma = —0.6 and Top = —1.0. CNT CX: Mid = 1.2, Bregma =
—0.6 and Top = —1.0. Cp: Mid = —2.0, Bregma = —1.06/—1.22 and Top = —2.5/-
3.0. Tha: Mid = — 1.8, Bregma = —1.34/—1.46 and Top = —3.0. P <0.05 and
P <0.01, two-tailed student’s ¢-test.

Axonal damage is extensive in Kcnb 172/ prains

To further elucidate how defects in connectivity affect the Kenb1™?#*/+)
brain, we used immunofluorescence to assess potential axonal destruction.
We focused the analysis on the CC as this structure has a high content of
white matter and its agenesis is associated with seizures, intellectual dis-
ability, and motor impairment*'. Thus, eye inspection of z-stack recon-
structions of corpi callosi immunostained with SMI32 antibody that
recognizes hypophosphorylated heavy chain neurofilament (NFH,
Fig. S6A), and quantitative analysis (Fig. S6B), uncovers a significant
accumulation of NFH in Kenb 1™ compared to WT, a typical feature
of axonal vulnerability“. Another marker, histone deacetylase 1 (HDAC1),
which is translocated from the nucleus into degenerating axons, underscores
extensive injury in the Kcnb 1™/ fibers (Fig. S6A)*. The percentage of
translocated HDACI over the total nuclear protein changed from a phy-
siological 8% in WT to a significant 24% in KcnbI™"#%), 2 300% increase
(Fig. S6C. Manders’s coefficients for HDACI1-DAPI co-localization,
M1=0.71 and M2=0.78 for WT and M1=1.0 and M2=0.99 for
Kenb1®PHC D) To assess the condition of the axon initial segment and of
the Nodes of Ranvier we stained the slices with an antibody against neuronal
Ankyrin-G. Representative images, along with quantifications are shown in

Fig. S7. Immunofluorescence to Ankyrin-G is more than halved in the
Kenb1™PH neocortex compared to WT, disclosing broad axonal damage
in the former. In contrast, the Ankyrin-G signal is similar in the hippocampi
of WT and Kenb1™'?#Y corroborating previous observations (Fig, 3) that
indicate that the Kenb1™"”" mutation only marginally affects the hippo-
campus. In summary, these data pinpoint at least two potentially ictogenic
mechanisms in the Kcnb1™'?"*") brain: diffuse axonal destruction and
corresponding connectivity and dysregulated glutamatergic transmission.
These alterations are likely to produce hyperexcitability and uncoordinated
firing, which are well-established seizure triggers.

The IKC is implicated in actin dynamics

Many aspects of the Kenb ™'+ phenotype including defective neuronal
migration, aberrant neuronal morphology, and decreased synapse func-
tionality are dependent on the actin cytoskeleton™>*. As the ability to
interact with actin is a major physiological function of integrins, this may
imply that the inability to establish proper IKC-actin filament bonds and/or
to modulate the formation of new filaments may be causative of the mor-
phological and synaptic anomalies in the Kcnb 12" mutant* =, In fact,
IKC/integrin signaling is impaired in those animals”. To determine whether
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recovery was calculated according to Eq. 7. Solid lines fit the data to a single expo-
nential function (89). N = 28-30 cells/genotype. E Mean FRAP in WT in the absence
(N =28 cells)/presence (N = 15 cells) of 45 nM Cytochalasin D, 15 nM Phalloidin
and 30 nM Jasplakinolide. F ko rate was obtained by fitting individual FRAP
responses to a single exponential function (Eq. 8) for WT and Kcnb1™'2%_ All
measurements were taken using DIV14 neurons. P < 0.05 and """P < 0.0001, one-
way ANOVA with Tukey’s post hoc test.

the IKC is part of the actin machinery, we performed Fluorescence Recovery
after Photobleaching (FRAP) in WT and Kcnb 1" cortical neurons™.
Neurons were transfected with Lifeact-GFP, which allows visualization of
filamentous actin (F-actin)*’. A representative confocal image visualizing
actin in a WT basal dendrite is illustrated in Fig. 8A. Lifeact-GFP fluores-
cence was determined before photobleaching to detect differences due to
transfection efficiency and in case, normalize data to baseline response.
However, fluorescence levels were similar prior to photobleaching in all
conditions, indicating that transfection efficiency was stable and genotype-
independent (Fig. 8B). Thus, following photobleaching of pyramidal neu-
rons basal dendrites, GFP fluorescence in WT and KcnbI®'2+%) cells
partially recover in a time-dependent manner, with a mobile fraction that
accounts for ~40% and ~20%, respectively (Fig. 8C, D). To account for
possible diffusion of unbound Lifeact into the photobleached area, we
carried out FRAP in the presence of a mixture of cytoskeletal toxins, namely
Cytochalasin D (CytoD), Phalloidin (Phall) and Jasplakinolide (Jasp). The
rationale is that by freezing the polymerization of actin, any residual GFP
fluorescence in the photobleached area should reflect unbound Lifeact.
However, fluorescence recovery was significantly impaired in the presence
of the mixture of cytoskeletal toxins indicating that the diffusion of unbound
Lifeact is negligible in our FRAP assays (Fig. 8E). The time course of
fluorescence recovery, R(?), is dependent upon many factors including the
diffusion and the binding/unbinding of Lifeact-GFP to F-actin and a
detailed characterization of the dynamics of these processes was beyond the
scope of this study”. We assumed that the diffusion of Lifeact-GFP is
dominant over its rate of association or dissociation from F-actin (reaction-

limited process). Under these conditions, R(f) recovers exponentially with a
time constant given by the inverse of the dissociation rate (Eq. 8).
Accordingly, WT and Kcnb1™'#*) fluorescence recovery is well fit to a
single exponential function, with comparable kg rates (kog~ 1.1s " and
kot~ 0.8 7", respectively, Fig. 8F). This suggests that Lifeact-GFP binds to
F-actin similarly in the two genotypes, and therefore that the FRAP signal
reflects actin remodeling events.

Integrins and Kcnb1 channels differentially affect FRAP in WT
and Kcnb1™'2W+/% neurons

If the IKC is implicated in actin dynamics, manipulations that activate the
integrins and/or the Kenb1 channel should affect fluorescence recovery. To
begin to test this hypothesis, we performed FRAP in the presence of
Fibronectin (FN) an activator of RGD integrins, such as integrin-a5>. The
treatment improved fluorescence recovery in WT and Kenb ™27 neu-
rons (Fig. 9A, B, F, G). However, fibronectin is roughly twice as much as
potent in Kenb ™2 than in WT neurons. Moreover, if Kenbl interacts
with the integrins of the IKC, blocking the channel with GxTx should affect
the fibronectin response. Indeed, the effect of fibronectin on the FRAP of
WT is almost suppressed (Fig. 9A, F). In contrast, GxTx does not appre-
ciably alter the fibronectin response of Kenb1™* cells (Fig. 9B, G). We
next sought to determine the effect of activating the Kcnbl channel by
raising [K],, to induce cell depolarization, as done before”. The results of
those experiments, summarized in Fig. 9C, D, and Fig. 9F, G indicate that
high [K], enhanced the FRAP in both WT and KcnbI®'2#"") neurons. Like
with fibronectin, the enhancement of fluorescence recovery is relatively
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Fig. 9 | The IKC modulates actin polymerization through integrins. A FRAP in
WT dendrites in the absence (Cnt, dotted line, N = 28 cells) or presence of 50 pg/mL
fibronectin (FN, squares, N = 18 cells) or 50 pg/mL FN + 100 nM GxTx (FN +
GxTX, triangles, N = 26 cells) applied 15 min before FRAP. B As in (A) for
KenbI™12H6/4) dendrites. Ney, = 30 cells; Ny = 20 cells; and Ny gyry = 21 cells.
CFRAP in WT dendrites in the absence (Cnt. dotted line, N = 28 cells) or presence of
30 mM [K], ([K], squares, N = 14 cells) or 30 mM [K], + 100 nM GxTx ([K] +
GxTx, triangles, N = 27) applied 5 min before FRAP. D As in (C) for Kcnb 1™/
neurons. Ny, = 30 cells; N, = 18 cells and Ni gyrx = 22 cells. E FRAP in WT and
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Kenb1™PHC/%) dendrites in the presence of 100 nM Cilengitide (Cil, WT circles,

N =19 cells; R312H triangles, N = 13) or 10 nM PND-1186 (PND, WT squares,

N =22; R312H triangles, N = 10) applied 15 min before FRAP. F Mobile fraction
(fluorescence recovery at time =10 s) for WT neurons subjected to the indicated
experimental conditions. G Mobile fraction for Kenb1™'?"**) neurons subjected to
the indicated experimental conditions. All measurements were taken on DIV14
neurons. P <0.05, "P<0.01,"P<0.001, and ****P < 0.0001 one-way ANOVA
with Tukey’s post hoc test.

modest in WT neurons and is completely abolished by GxTx, while in
KenbI®2HO - cells, fluorescence recovery is greater and GxTx-
independent. Taken together, these results prompt several considerations.
First, they suggest that both the integrins and the Kcnbl channels are
activated in WT IKCs during FRAP. Second, they rule out the involvement
of channels other than Kcnb1 in the FRAP response, otherwise GxTx should
only partially suppress the effects of high [K], in WT neurons. Third, they
seem to exclude a role of Kenb1 current, as while the electrical properties of
WT and Kcnb172HC) primary neurons are similar, their FRAP response to
GxTx is opposite. It is also worth noticing that the site of interaction of GxTx
with the Kenbl channel is located in the voltage-sensor domain, where the R
to H replacement occurs in the mutant’'. This may suggest that the voltage-
sensor has a role in mediating Kcnbl-integrin interactions and conse-
quently, that the histidine replacement uncouples these interactions in IKCs
formed with R312H channels. We next determined the effect of blocking the
integrins by using Cilengitide and PND-1186, respectively a specific inhi-
bitor of integrin-a5, and of Focal Adhesion kinase (FAK)—a key compo-
nent of integrin signaling—that had shown efficacy with IKCs in vivo and
in vitro™**"**. Both compounds induced similar FRAP responses in WT and
Kenb1®PH cells (Fig. 9E-G) and significantly delayed fluorescence
recovery (k,r eqn 8. WT: cnt=115+0.05s" Cil=042+0.07s"
P=0.005 PND=051+0.1s"' P=0.027. Kenb1®"*": cnt=0.83£0.1s";
Cil=0.49 £0.05s™" P=0.046; PND = 0.46 + 0.05s™" P=0.04, two-tailed ¢-
test). We conclude that the IKC is a component of the actin machinery.

G-actin is increased in the DEE brain
Biochemical quantification of F-actin and globular (G) actin in the cortices
of three-month-old WT and Kcnb 1" mice is shown in Fig, S8. G-actin

is significantly increased in Kenb 1™ compared to WT. At equilibrium,

the critical concentration of G-actin, C,, is given by the ratio between the rate
of removal from the filament, kg and the rate of addition of monomers to
the filament polymer, k,,, that is, C. = kog/kon - Hence, these data indicate
that in KenbI®2H+/%) cortices either the addition of actin molecules to the
filament is slowed down, in agreement with FRAP data, or alternatively, that
the shredding of actin is accelerated.

The IKC regulates the polymerization of new filaments in
immortal cells

Since FRAP and biochemical data suggest that the activity of the IKC may
be important for the formation of fast-growing filaments, we sought to
corroborate this model by employing cytoskeletal toxins. The underlying
idea of this approach is that the effect of a toxin should be amplified when
the mechanism it impinges on, is already impaired. Thus, in Chinese
hamster ovary (CHO) cells expressing WT or R312H KCNBI subunits,
Phalloidin, Cytochalasin D and Jasplakinolide decreased cell proliferation
(Fig. S9A). Likewise, in N2a mouse neuroblastoma cells, Cytochalasin D
and Jasplakinolide impaired neurite outgrowth (Fig. S9B). In contrast,
Latrunculin A (LatA) had only minor effects in both assays (in both CHO
and N2a cell assays the toxins were used at concentrations only moder-
ately toxic to mock-transfected cells). The fact that the toxins are generally
harmful is largely expected since these are produced by poisonous fungi
and sponges. However, the extent of Cytochalasin D and Jasplakinolide
toxicity is genotype-dependent. Cytochalasin D has a significantly greater
effect on R312H-expressing cells than on WT-expressing cells (50%
impairment vs 70% impairment of neurite outgrowth, P <0.0001 two-
tailed t-test and 45% vs 65% impairment of proliferation, nss two-tailed ¢-
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test, for WT and R312H, respectively). Conversely, Jasplakinolide has
greater effects in WT-expressing vs R312H-expressing cells (40% vs 65%
impairment of neurite outgrowth, P < 0.003 two-tailed t-test, and 46% vs
64% impairment of proliferation, nss two-tailed t-test, for WT and
R312H, respectively). This may unveil differences in the way that IKCs
formed with WT or R312H subunits handle the remodeling of the actin
filaments. Cytochalasin D caps the barbed end of the fast-growing fila-
ment, preventing F-actin elongation. This strengthens the idea that the
IKC is implicated in the mechanisms underlying the formation of new
filaments, consistent with some of the physiological roles of the complex.
Jasplakinolide also enhances actin polymerization by increasing the rate of
nucleation. However, the decreased toxicity of Jasplakinolide in R312H-
expressing cells could be simply due to increased availability of G-actin
(Fig. S8). In contrast, the fact that Latrunculin A and Phalloidin effects are
genotype-independent, would rule out the involvement of the IKC in the
mechanisms underlying filament depolymerization (Latrunculin A) or
stability (Phalloidin).

Genotype-dependent effects of the cytoskeletal toxins on neu-
ronal networking

We next applied the cytoskeletal toxins to WT and Kcnb1®"?#**) neurons
at the same concentrations used in immortal cells. Representative images of
neuronal cultures in the absence/presence of Cytochalasin D, Jasplakinolide,
Latrunculin A, and Phalloidin are illustrated in Fig. S1I0A. Eye inspection
indicates that the toxins damage the actin cytoskeleton, as reflected by the
disruption of dendritic arborization and networking. To quantify this, we
performed a Sholl analysis. Figure S10B indicates the density of intersec-
tions, defined as the number of Sholl intersections normalized to the

Px) 0O

number of cells within an area of radius r, in the absence or presence of the
four cytoskeletal toxins for WT and Kenb1®2#/*) neurons. For clarity, the
density of intersections in correspondence of a distance roughly twenty
times the size of the soma of a neuron (200 pm) is illustrated in Fig. S10C.
Cytochalasin D is more effective in disrupting dendritic arborization in
Kenb1™2H4) than WT (P <0.0001 two-tailed t-test), whereas Jasplaki-
nolide is more efficacious in WT compared to Kcnb1®'?"/* (nss, two-
tailed t-test) and the effects of Latrunculin A and Phalloidin are similar.
Thus, as in immortal cells, also in primary neurons the effects of some toxins
are genotype-dependent.

Genotype-dependent effects of the cytoskeletal toxins on den-
dritic development

Images of single neurons in the absence/presence of Cytochalasin D are
illustrated in Fig. 10A. The dendrites of individual Kcnb1®"***"*) neurons
are underdeveloped compared to WT. Those dendrites present large actin
aggregates, probably reflecting underlying damage (Fig. 10A arrows). These
effects appear to be amplified by Cytochalasin D. Thus, the total dendrite
length, (TDL, Fig. 10B), a parameter estimated by Sholl analysis, is decreased
in Kenb1™'2"%"?) neurons compared to WT cells at baseline. Dendritic
branching is underdeveloped in Kenb1**#¥) compared to WT, as indi-
cated by the fact that the Sholl Intersection profiles (SIPs) are narrower and
smaller (Fig. 10C). As previously seen, the impact of the various toxins on
the TDL and the SIP is genotype-dependent: maximal for Cytochalasin D
(TDL: P <0.0001, two-tailed t-test; SIP P <0.0001 Kolmogorov-Smirnov
test) and Jasplakinolide (TDL: P < 0.0001, two-tailed ¢-test; SIP P < 0.0001
Kolmogorov-Smirnov test) in KenbI™""™* and WT cells, respectively,
and similar for Latrunculin A and Phalloidin.

500
- 2 104 — Cnt
S 400+ o . Cvio D
2 ‘g 8 i — Cyto
. S 3001 5 — LatA
c o £ 9]
] £ 200 = — Jasp
\ -»,-
2 : © 441 K Phall
@ 100 5 A
S i
e 9 24 |
T o E
|9 Z 0 T T
0 50 100 150 200
Sholl Radius, (um)
< %]
200 c
g 9]
: 3
L
5150 ©
S 2
2 £
100~
2 G
= bt
.g 50 8
8 E
=) 3 SR
% 0- 0 50 100 150 200
& 0 v R ;
= 00(5”0 & ® Sholl Radius, (um)

Fig. 10 | Cytoskeletal toxins differentially affect dendritic arborization.

A Representative confocal images of WT or Kenb1®2#(+/*) neurons incubated in the
absence/presence of 30 nM Cytochalasin D (CytoD). The cells were co-
immunostained for actin (green) and Map2 (red) antibodies. Large clumps of actin
are demonstrated in Kcnb1™'" cells (arrows). Scale bars 20 pm. B Total dendrite
length (TDL) estimated by Sholl analysis for WT (upper graph) or Kenb 1+
(lower graph) neurons in the absence/presence of the indicated toxins. C Sholl
intersection profiles for WT (upper graph) or Kenb1®#*/*) (lower graph) neurons
in the absence (black) or presence of the indicated toxins. Within the same genotype,

all toxin SIPs are statistically different from the WT SIP (P < 0.0001,
Kolmogorov-Smirnov test). All measurements were taken using DIV7 neurons.
Sholl analysis of individual neurons was performed using Fiji, (Image]). In all
experiments, toxins were maintained in the media starting at DIV1 at the following
concentrations: Cytochalasin D (CytoD, red), 30 nM; Jasplakinolide (Jasp, blue)
30 nM; Latrunculin A (LatA, green), 1 uM and Phalloidin (Phall, light blue), 15 nM.
N =20 neurons/genotype/experimental condition from three dams/genotype.
"P<0.05,"P<0.01, P <0.001,and """P < 0.0001, one-way ANOVA with Tukey’s
post hoc test.
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Discussion
The goal of this study was to address important questions concerning the
molecular basis for IKC function in normal and disease states. We used a
mouse model of DEE harboring the Kcnb1®" allele which was originally
found in two unrelated DEE children®. In addition to severe epilepsy pre-
viously reported, homozygote Kenb1™'"”" mice are affected by extensive
neuronal damage in multiple brain areas including the upper layers, fornix,
fimbria, habenular nuclei, corpus callosum, and cingulum bundle. The
corticothalamic and corticocortical projections of the glutamatergic pyr-
amidal neurons that express the IKC are damaged, along with severe axonal
disruption. Most importantly, vesicular glutamatergic transport is grossly
dysregulated in the cortex, thalamus, and amygdala. The anomalies of the
KenbI™2H4%) brain are associated with robust behavioral deficit, that
includes hyperactivity (a common trait of mouse models of DEE and also
observed in human patients'*'*"'), impairment in multiple cognitive
domains, and compulsive traits. Notably, while all DEE children are affected
by severe developmental and intellectual disability a significant percentage
of them present brain anomalies. Overall, the Kcnb1™#**) phenotype
appears to recapitulate key aspects of the human DEE pathology.
Loss-of-function (LOF) mutations in Kv channel genes are com-
monly found in epileptic patients as their products cause an imbalance
between excitatory and inhibitory conductances in the brain®. The
Kenb1®™ allele was considered a LOF as R312H KCNBI mutant
channels expressed in heterologous expression systems conduct poorly
due to a ~40 mV rightward shift in the voltage dependence of the
channel. As such, R312H KCNBI mutant channels were expected to
make the brain susceptible to seizure onset™. Contrary to expectations,
the electrical properties of WT and Kenb1™'?"*/*) primary glutamatergic
pyramidal neurons turn out to be similar. GxTx similarly blocks WT and
Kenb ™20 macroscopic K currents and increases spike frequency by
roughly ~20% in both genotypes. Thus the fact that R312H Kcnbl
mutant channels conduct normally in primary neurons, seems to rule out
the possibility that the epileptic phenotype of the KenbI™" mouse is
caused by defective conduction of Kcnb1 channels. We also noticed that
the impaired connectivity along with dysregulated vesicular glutama-
tergic transport affecting the Kenb1™?*" mouse can be causative of
seizures, consistent with the fact that in DEE epilepsy is typically drug-
resistant'>”’. Moreover, there is marked neuronal loss in the Kcnb 127
™ brain, which may further constitute a Kcnbl current-independent
ictogenic mechanism’. However, additional electrophysiological analyses
will be necessary to confirm these results such as for example, recordings
in brain slices. Furthermore, compared to heterologous expression sys-
tems where R312H KCNBI channels were expressed alone, native Kcnbl
channels are heteromeric complexes containing electrically silent acces-
sory subunits, including members of the KCNE, KCNF, KCNG, KCNS
and KCNV sub-families, most of which affect the voltage-dependence of
the complex and thus may compensate for the effects of the R312H
mutation®*. Other factors include the lipid composition of the plasma
membrane, that modulates the gating of the channel and the develop-
mental stage of the neurons®. Nonetheless, if confirmed, the results of
this study provide a paradigm shift: first, that normally conducting Kv
channels can be ictogenic, and second, that the etiology of DEE is mainly
non-ionic. Accordingly, Kenb 12" neurons exhibit marked impair-
ment in the way they handle the formation of new actin filaments.
Aberrant actin polymerization is consistent with the dysregulated
integrin signaling previously observed in those brains, as the ability to
interact with actin is a major component of the adhesive function of
integrins’. Neuronal actinopathies are relatively infrequent, but actin and
its cytoskeleton are emerging as critical players in neurological diseases,
including epilepsy™ . As actin plays a crucial role in many fundamental
processes including neuronal migration, axon pathfinding, and synap-
togenesis, which are all grossly compromised in the Kcnb1®?2H/+)
mouse, this may naturally explain the robust phenotype of the mice**~”.
But how do the channels and the integrins interact to modulate the

polymerization of actin? Based on the evidence at hand a model that
predicts that the structural rearrangements associated with the activity of
the channel trigger and control integrin signaling seems the most
probable, especially if other, electrically silent subunits are present in the
IKC®™®. In fact, the observation that R312H channels appear to conduct
normally would rule out mechanisms dependent on potassium current
but many questions remain unresolved. In addition, it is not known
whether the channel provides a substrate for the numerous kinases that
are activated by the integrins as Kcnb1’s C-terminus is extraordinarily
rich in serine/threonine and tyrosine phosphorylation consensus
sites”*”*. Other limitations include the possibility, although unlikely, that
the increased G-actin levels in the Kcnb1™?*") cortex might be due to
enhanced transcription. All these questions await future investigations.

In summary, this study elucidates the molecular basis of a neurode-
velopmental channelopathy that appears to proceed through non-ionic
mechanisms. As such, the IKC provides an example of how a single gene can
regulate aspects of neuronal function as varied as excitability, development,
and morphology.

Methods
Table of reagents

REAGENT or SOURCE IDENTIFIER
RESOURCE
Antibodies
Anti-MAP2 antibody Abcam Cat# ab5392
Anti-VGIuT1 Thermo Fisher Cat# MA531373
antibody Scientific RRID:AB_2787010
Anti-VGluT2 Abcam Cat# ab216463
antibody RRID:AB_2893024
Anti-GAD65 Thermo Fisher Cat# PA522260
antibody Scientific RRID:AB_11154107
Anti-SNAP25 Thermo Fisher Cat# PA1-740
antibody Scientific RRID:AB_2192212
Anti-Ankyrin G Thermo Fisher Cat# 33-8800
antibody Scientific RRID:AB_2533145
Anti-neural cell Millipore Sigma ~ Cat# MAB5272
adhesion molecule L1 RRID:AB_2133200
antibody, clone 324
Anti-HDAC-1 Thermo Fisher Cat# PA1-860
antibody Scientific RRID:AB_2118091
Anti-SMI32 antibody  BioLegend Cat#801702

RRID: AB_2715852
Anti-NF-M antibody  Abcam Cat# ab7794

RRID: AB_306083
Anti-actin antibody, ~ Millipore Cat# MAB1501,
clone C4 RRID:AB_2223041
Anti-potassium Millipore Cat# AB5186-50UL,

channel RRID:AB_91734

Kv2.1 antibody

Thermo Fisher
Scientific

Cat# A-11001,
RRID:AB_2534069

Goat anti-mouse IgG
(H + L) cross-
adsorbed secondary
antibody, Alexa
Fluor™ 488
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Goat anti-rabbit IgG
(H+ L) highly cross-
adsorbed secondary
antibody, Alexa
Fluor™ 594

Thermo Fisher
Scientific

Cat# A-11037,

RRID:AB_2534095

Goat anti-chicken IgY
(H+ L) cross-
adsorbed secondary
antibody, Alexa
Fluor™ Plus 647

Thermo Fisher
Scientific

Cat# A32933,

RRID:AB_2762845

Goat anti-rag IgG
(H+ L) cross-
absorbed secondary
antibody, Alexa
Fluor™ 647

Thermo Fisher
Scientific

Cat# A-21247

RRID:AB_141778

Media and reagents

Precoated coverslips
GG-15-1.5-PDL

Neuvitro

Cat# GG-15-PLL

VECTASHIELD®
PLUS antifade
mounting medium
with DAPI (H-2000)

Vector
Laboratories

Cat# H-2000

HBSS 1X Hanks’
balanced salt solution

Gibco

Cat# 14025-092

Basal medium eagle

Gibco

Cat# 21010-046

Neurobasal medium

Thermo Fisher

Cat# 21103049

Scientific

Tracers

DBA MW3000 Alexa Thermo Fisher Cat# D34682

Fluor™488 Scientific

DBA MW3000 Thermo Fisher Cat# D3329

Texas Red™ Scientific

Fluorogold Fluorochrome Cat# fluoro-gold 20 mg

Chemicals

Guangxitoxin 1E Biotechne Cat# 5676

Cilengitide MedChemExpress Cat# HY-16141

PND1186 MedChemExpress Cat# HY-13917

Latrunculin A Thermo Fisher Cat# L12370
Scientific

Jasplakinolide Thermo Fisher Cat# ]7473
Scientific

Cytochalasin D Thermo Fisher Cat# PHZ1063
Scientific

Phalloidin Thermo Fisher Cat# P3457
Scientific

Commercial assays

MTT assay kit Abcam Cat# ab211091

G-actin/F-actin in Cytoskeleton Inc. ~ Cat# BK037

Vivo assay

Biochem kit

Pierce™ primary Thermo Fisher Cat# 88280

neuron isolation kit Scientific

Experimental models: cell lines

Hamster: CHO cells ~ Sesti Lab N/A
Mouse: N2a Sesti Lab N/A
Organisms/strains
Mouse: C57BL6/] The Jackson RRID:IMSR_JAX:000664
background Laboratory
Mouse: KI Kenb1™'*"  Genome Editing ~ C57BL/6]-Kcnblem1Sesf/]
Core Facility at RRID:IMSR_JAX:037835
Rutgers
Mouse: KI KenbI™"™  Genome Editing ~ C57BL/6J-Kcnblem2Sesf/
Core Facility at ] RRID:IMSR_JAX:037848
Rutgers
Recombinant DNA
WT KCNBI1-HA Sesti Lab N/A
R312H KCNB1-HA  Sesti Lab N/A
Software and algorithms
Neuroanatomy Fiji Tiago Ferreira https://imagej.net/update-
Image] sites/neuroanatomy/
EthoVision XT N/A https://www.noldus.com/
ethovision-xt
Colocalization Tony Collins https://imagej.net/plugins/
Threshold Fiji Image] colocalization-threshold
Prism GraphPad by https://www.graphpad.
Dotmatics com/scientific-
software/prism/
Image | NIH https://imagej.net/
software/fiji/
NIS elements Nikon https://www.microscope.
Instrument Inc. healthcare.nikon.com/
products/software/nis-
elements
Olympus Fluoview Olympus Life https://www.olympus-
Science lifescience.com/en/landing/
fv_technologies/
Animals

Wild type (C57BL6/J) and homozygote knockin (KI) C57BL/6]-Kcnb 1™
J and C57BL/6]-Kcnb1?*9/] of either sex at developmental stages: E13 and
3 months were used. The C57BL/6]-KcnbI®"*¥/] mouse, here named
KenbI®"?H mouse, bears a mutated allele that causes an arginine at position
312 in the voltage-sensor of the protein (S4 transmembrane segment), to be
replaced by histidine. The C57BL/6J-KcnbI1™™*9/] mouse, here called the
KenbI™™ mouse, bears a mutated allele that contains a stop sequence after
serine 336 in the voltage-sensor domain. The resulting truncated Kcnbl
protein is degraded and does not traffic to the plasma membrane’. Three
months old KI animals have normal body weight (males weight: WT =
29.2 + 1.1 gr; Kenb1™2#47) 29.4 + 1.0 gr and KenbI™™ ™ 29.4 + 1.1 gr;
females: WT = 26.1 % 1.0 gr; Kenb 1™ 25,6 + 0.8 gr and Kenb 1N/
25.9 +0.9 gr) and size. Littermates of either sex were randomly assigned to
experimental groups. All experiments with animals performed in this study
were approved by the Rutgers University Institutional Animal Care and Use
Committee (IACUC, protocol # PROT0999900293). We have complied
with all relevant ethical regulations for animal use.

Behavioral protocols
Digital ventilated cage (DVC®). The DVC’ rack is a monitoring system
that tracks the animal's locomotor activity and well-being via 12
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capacitance-sensing electrodes positioned on the cage’s floor. Single-
housed three-month-old mice were acclimated to the new environment
(single-cage) for a week and then their activity was recorded over a week.
Mice were subject to a 12-12 h light/dark cycle with the dark period
starting at 18 h (6 pm) and ending at 6 h (6 am). The DVC system pro-
vided the average distance walked in a day, the cumulative distance
walked in a week, and the animal locomotion index, which is based on
activation density whereby a capacitive electrode is triggered by the
animal when the difference between two consecutive readings exceeds a
predetermined threshold (A)”. The A threshold allows to filter out the
noise due to capacitance fluctuations from signals resulting from animal
movements.

Dead reckoning. The path integration (dead reckoning) test appa-
ratus consisted of a walled circular arena (1 m in diameter) covered
with a plastic layer to allow 70% ethanol disinfection after each trial
and a digital camera positioned on top of the apparatus. The arena
was placed in a visual cues-free dark room. At the beginning of each
trial, a single-housed mouse and its shelter and bedding were
transferred from the housing cage to the lower right end of the arena.
Then, the animal was allowed 15 min to explore the arena while the
experimenter left the room. Then, the animals and their bedding
were taken out of the apparatus and returned to the home cage. The
arena was cleaned with 70% ethanol and the recordings were ana-
lyzed with Noldus EthoVision XT software.

Hanging test. The mouse was placed on a 30 x 30 cm metal grid, and a
soft bedding material was positioned underneath the setup to guarantee a
soft landing. Three seconds were given to allow the mouse to obtain a
solid grip. Then, the grid was inverted and the latency to fall was mea-
sured with a chronometer by two evaluators. Maximum time was set at
120 s and single trial results were averaged with each other. The grid was
cleaned with 70% ethanol and the soft bedding was replaced after
each trial.

Visual looming test. A mouse was placed in an arena composed of
40 cm x 40 cm x 30 cm white PVC panels in a soundproofed room
devoid of any visual cue and lightened under dim white LED light. An
opaque shelter was placed in the top right corner of the arena, with the
entrance facing the center of the arena. A screen was positioned on top of
the arena, along with a digital camera which recorded the activity of the
animal for the entire duration of the test. The mouse was allowed to
acclimatize to the arena for 15 min with the screen displaying a white
background. The stimulus consisted of an expanding black circle origi-
nating from the center of the screen. The mouse’s reactions to the sti-
mulus were scored as follows: (—1) freezing (1), fleeing, or (0) no
response. The arena was cleaned with 70% ethanol between each trial®.

Startle reflex. The mouse was placed into the same arena used for the
visual looming test and allowed to acclimate for 15 as described. The
stimulus consisted of a 100 dB sound lasting for 0.5s. Reactions were
scored as follows: (0) No response (1), sound acknowledgment (2),
shaking (3), brief startle (4), slight movement’, and jumping. The arena
was cleaned with 70% ethanol between each trial.

Marble burying. The mouse was placed in a clean conventional-sized
cage, prepared with 3 cm of clean bedding. The cage was provided with 8
evenly spaced 14 mm diameter glass marbles. After 30 min, the animal
was removed, and the cage was photographed. Three evaluators counted
the number of marbles that were covered by bedding for at least two-
thirds of their size. After each trial, the marbles and cage were cleaned
with 70% ethanol, while the bedding was discarded.

Nesting building test. The mouse was placed in a clean, enrichment-
free, conventional-sized cage, and was provided with a fresh pad of

nesting material that was weighed before the beginning of the trial. After
16 h, a picture of the nest was taken. Unused untorn nestlets were let dry
for 1h at room temperature to remove potential humidity caused by
urine, and the final weight was measured using a digital scale. The per-
centage of torn nesting material was obtained by comparing the weight of
the final nestlet to the initial one. The nest was scored from 1 to 5
according to the guidelines of nest building score'.

Visual cliff. The mouse was placed into an arena composed of 40 cm x
40 cm x 30 cm white PVC panels, while the bottom was a transparent
PVC panel. Underneath the arena, a checkered board was placed,
designed in a way to give the illusion of a cliff. Mice were continuously
recorded with a digital camera for 15 min. The amount of time spent on
the close-by side was measured with a chronometer by two evaluators.
Single-trial results were averaged with each other, and % of time spent in
the nearby area was calculated. The arena was cleaned with 70% ethanol
between each trial.

Cell cultures

Chinese hamster ovary cells. Chinese hamster ovary K1 (CHO) cells
were incubated in 95% air and 5% CO, at 37 °C. The cells were seeded at a
density of 0.5 million cells/mL using a hemocytometer and maintained in
Dulbecco Modified Eagle’s medium as described. Once confluence was
reached, cells were harvested using Trypsin and seeded as previously
described.

Mouse neuroblastoma cells. Undifferentiated mouse neuroblastoma
(N2a) cells were incubated in 95% air and 5% CO, at 37 °C. The cells were
seeded at a density of 0.5 million cells/mL using a hemocytometer and
maintained in Dulbecco Modified Eagle’s medium as described. Once
confluence was reached, cells were harvested using Trypsin and seeded as
previously described.

Primary cortical neurons. Experiments involving primary cortical
neurons were performed without prior knowledge of the genotype. A
pregnant dam at 13 days post-fertilization (E13) was euthanized by CO,
followed by cervical dislocation. Cortical tissue from individual embryos
was mechanically triturated under a dissecting microscope in ice-cold
sterile Hank’s Balanced Salt Solution (HBSS) using tweezers. The tissue
was transferred into a 1.7 mL Eppendorf tube, the extra HBSS was gently
removed and 100.0 uL of primary neuron isolation kit solution with
papaine was added. The tissue was incubated for 30 min at 37°C in a
water bath. After incubation, the dissociated cells were centrifuged with a
mini centrifuge for 15 s and washed twice with 1.0 mL HBSS. Then, the
cells were resuspended in 1.0 mL neuronal plating media (for 20 mL:
18.31 mL of Basal Medium Eagle + Earle’s Salts, supplemented with
1.0 mL of heat-inactivated fetal bovine serum FBS, 200 uL of sodium
pyruvate from a 100x stock, 200 uL of glutamine from a 200 nM stock,
and 100 uL of penicillin/streptomycin from a 200x stock). Cells were
counted with a Neubauer counting chamber and plated in 12 mm poly-d-
lysine-precoated Petri dishes (GG-12-1.5-PDL, Neuvitro, Camas, WA) at
a density of ~100,000 cells/dish in 1.5 mL plating media/dish. Cultures
were maintained in the plating medium at 37 °C in 95% air and 5% CO,
for 24 h. Then, the plating medium was removed and replaced with
Neurobasal medium. Tail samples from individual embryos were pro-
cessed for genotyping.

Biochemistry
Western blotting, immunofluorescence, and analyses were performed
without prior knowledge of the genotype.

Crude brain and cortical lysates. Animals were euthanized by
asphyxiation using CO, followed by cervical dislocation. The brain was
extracted from the skull and the layer of meninges and blood vessels was
removed with forceps. Crude brain lysates were obtained by symmetrical
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sagittal sectioning of the tissue across the midline. For cortical lysates, the
brain was maintained in PBS and the cortex was dissected under a stereo
microscope. Half-brains or half-cortices were initially homogenized
using a plastic tissue grinder in a 1.7 mL conical tube containing lysis
buffer (0.32 M sucrose, 5 mM Tris-Cl pH 6.8, 0.5 mM EDTA) and pro-
tease inhibitor cocktail (Sigma-Aldrich). Further homogenization of the
tissue was obtained by sonication of the sample for 1-3 min in iced water.
Brain homogenized was centrifuged for 10 min at 14,000 rpm at 4 °C. The
supernatant was collected and stored at —80 °C for further analysis.

Western blotting. For Western blot analysis, protein content was initi-
ally quantified via Bradford colorimetric assay (Sigma Aldrich). The
samples were prepared into 1.7 mL conical tubes, with 40-100 pg of
protein. Samples were diluted in 5x sample buffer (Sodium dodecyl
sulfate (SDS) 10%; Bromophenol blue 0.02%; glycerol 30%; Tris-HCL
0.5M) and 2-5% Beta-mercaptoethanol (Sigma Aldrich) was added.
Samples were heated at 95-100 °C for 5 min, centrifuged at 10,000 RPM
for 1 min, and resuspended using a pipette to allow homogeny suspen-
sion of protein into the media. The proteins were resolved in 10-15%
SDS-PAGE depending on the molecular weight of the protein of interest,
and successively transferred into a nitrocellulose membrane. Membranes
were washed once in Tris Buffer Saline (TBS) and then blocked in a 5%
solution of nonfat dry milk in Tris Buffered Saline with Tween® 20
(TBST) for 1h at room temperature on an orbital shaker at 50 RPM.
Membranes were stained with the primary antibody diluted at 1:1000 at
4°C on an orbital shaker overnight at 50 RMP. Membranes were washed
three times 10 min each with TBST, and sequentially incubated with a
secondary antibody (goat anti-rabbit IgG antibody, (H + L) HRP con-
jugate or anti-mouse IgG antibody, dilution 1:4000) for 1h at room
temperature on an orbital shaker at 50 RPM. Membranes were washed
three times 10 min in TBST and exposed in ChemiDoc MP (Bio-Rad)
using SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(ThermoFischer).

Tracer injection. The animals were anesthetized with 4-5% isoflurane in
100% O, and titrated to effect (maintenance 2% isoflurane). After
induction, the mouse was placed into the Kopf stereotaxic frame. Prior to
making an incision, analgesia was further provided by subcutaneous
injection of 0.025% Buprivicaine. The tracers were dissolved in saline
solution (0.9% NaCl) and were injected with an automatic pressure
injector. To avoid backflow, the needle was maintained for 5 min prior, to
and 10 min after, the injection of the tracer. Fluorogold (retrograde), was
injected into the thalamus at the following coordinates: Mid: +1.2 mm,
Bregma: —1.06 mm, Top: —4.0 mm. BDA MW3000 Alexa 488 (ante-
rograde), was injected into the cortex at the following coordinates: Mid:
—1.2 mm, Bregma: —0.6 mm, Top: —1.0 mm. BDA MW3000 Texas red
(anterograde), was injected into the thalamus at the following coordi-
nates: Mid: +1.2 mm, Bregma: —1.06 mm, Top: —4.0 mm according to
the Mouse brain atlas®. After surgery, the animals were monitored for
any veterinary signs. Monitoring was daily for the first 3 days or until nest
building begins (typically, if delayed nest building begins 4-6 days post-
surgery).

Adult brains imaging. Anesthetized mice (a cocktail of 100 mg/kg
ketamine and 10 mg/kg xylazine injected intraperitoneally) were cleared
with 0.9% filtered NaCl and then perfused with room temperature 4%
paraformaldehyde solutions. The mice were decapitated, and their brains
were extracted and post-fixed in 4% paraformaldehyde overnight at 4 °C.
The brain was washed twice with PBS and cryoprotected using a sucrose
gradient. Thus, the brain was immersed in 10% sucrose at 4 °C until
completely sunk. This step was repeated in 20% and 30% sucrose. Then,
the brain was fast-frozen by slow immersion in isopentane pre-cooled at
—20 °C, that was maintained in thermal contact with dry ice. Brain slices
were cut 50 um thick throughout the cortex and the hippocampus in a
1:20 series, so that the same set of tissue samples could be used for

expression of different makers. When required, tissues were permeabi-
lized in 0.1% Triton-X in PBS for 7 min. Free-floating sections were
processed for double or triple labeling with primary antibodies. After
24-48h of incubation at 4°C in primary antibodies, sections were
washed three times with PBS for 10 min and incubated with the appro-
priate secondary conjugated antibody. After 1h at room temperature,
sections were washed three times with PBS. Slices were mounted on a
Superfrost slide and mounting VECTASHIELD Antifade Mounting
Medium with DAPI mounting buffer (Vector Laboratories, Burlingame,
CA) was applied. Slices were cover-slipped and sealed with nail polish.

Connectivity heat maps. The process used to construct heat maps is
illustrated in Video S1. Briefly, heat maps were constructed by coloring
and Z-stacking 30 coronal brain maps from the Mouse brain atlas, cor-
responding to progressive coronal brain sections. Each interested area of
amap was colored according to the density of the projections expressed in
percent. The green color was assigned when 66-100% of the samples had
projections in a given area; the yellow color was 33-65% and the red color
was 0-32% (blue color is the site of injection).

Primary neurons staining. Neurons were fixed using a solution of 50%
methanol, and 50% acetone and kept for 20 min on dry ice. Neurons were
washed three times with PBS (10 min for each wash) and blocked for 1 h
at room temperature with 3% BSA in PBS 1x. After 24 h of incubation at
4°C in primary antibodies diluted in 3% BSA in PBS 1x, neurons were
washed three times with PBS (10 min each wash). Washes were followed
by the application of the appropriate secondary fluorophore-conjugated
antibodies. Secondary antibodies were kept on neurons for 1 h at room
temperature. Neurons were washed three times with PBS (10 min each
wash). Coverslips were rotated to allow neurons to face the inside of the
slide and mounted on a microscope slide with VECTASHIELD Antifade
Mounting Medium with DAPI mounting buffer (Vector Laboratories,
Burlingame, CA) and stored at 4 °C. Staining was visualized with a Zeiss
Axiophot microscope or with an Olympus FV1000MPE (Orangeburg,
NY) multi-photon microscope or Nikon Eclipse Ti2 series (Tokyo,
Japan) confocal microscope, all equipped with dedicated software.

In vitro assays
In vitro experiments were performed without prior knowledge of the
genotype.

Pharmaceutical compounds and toxins were freshly diluted from
stocks and added to the medium at the indicated concentrations. In primary
neuronal cultures, compounds were added to the medium on DIV2 and
supplemented until the end of the experiment.

Proliferation assay. CHO cells were plated at a concentration of
~10,000 cells/well into 96-well tissue culture plates. Twenty-four hours
after seeding, cells were transfected with various plasmids using Lipo-
fectamine 2000 diluted in OPTI transfection medium. Two days post-
transfection, the number of viable cells was assessed using the
microtiter-plate colorimetric MTT assay. Briefly, the cell’s growing
media was replaced with MTT reagent diluted into serum-free media
following the manufacturer’s protocol. After 3 h incubation at 37 °C, the
MTT solvent was added. Cells were incubated on a shaker at 37 °C for
15min, and measurements were obtained using a Tecan Infinite
M200pro (Minnedorf, Switzerland) microplate reader at an absorbance
of 590 nm.

Neurite outgrowth. N2a cells were plated at a concentration of
~100,000 cells/well into 6-well tissue culture plates. Forty-eight hours
after seeding, cells were transfected with various plasmids using Lipo-
fectamine 2000 diluted in OPTT transfection medium. GFP plasmid was
co-transfected to evidence cells positive from the transfection. Forty-
eight hours after transfection, N2a cells were photographed with a Zeiss
Axiovert 200 M microscope equipped with a GFP lamp. The neurite (the
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longer one in multineuritic cells) of GFP-fluorescent cells was measured
using Image] 1.52a software.

Electrophysiology. Data were recorded with an Axopatch 200B
(Molecular Devices, San Jose, CA), a PC (Dell, Round Rock, TX),
equipped with Clampex software (Molecular Devices, San Jose, CA),
filtered at f.=1kHz and sampled at 3.0 kHz. An Ag-AgCl electrode
connected to the bath solution using a KCl-agar bridge was used as a
reference. Pipette solution was (in mM): 135.0 k-gluconate, 4.0 KCI, 4.0
MgATP, 0.3 Na3GTP, 10.0 HEPES (buffered to pH = 7.4 with KOH).
Bath solution (in mM) was artificial cerebrospinal fluid (aCSF) with the
pH and oxygen level stabilized by bubbling with 5% CO, and 95% O,:
125.0 NaCl, 3.0 KCl, 2.5 CaCl,, 1.3 MgSO, 1.3 NaH,PO, 26.0 NaHCO;
13.0 mM p-glucose. Pipettes (~5 M(Q)) were obtained by pulling bor-
osilicate glass with a Sutter P-97 puller (Sutter Instruments, Novato,
CA). Whole-cell currents were elicited by 0.5 s voltage sweeps from a
holding potential of -80 mV to 80 mV in 20 mV increments and leak
subtraction (if needed) was performed digitally using Clampfit software
(molecular devices). Macroscopic conductance (G) curves were calcu-
lated as:

GV)=—1t

V-V @

rev

where I the macroscopic current at steady-state (at the end of the voltage
pulse) and V.., is the reversal potential. V.., was estimated to be =—70 mV,
for WT and KenbI™#7P currents, based on current-clamp measurements
and estimates of offset potentials, including series resistance (offset
potentials were not compensated for when generating current-voltage
relationships). G/Gyax curves were fitted to the function:

G(V) 1
Gyx 1 —I—EXP[(VI/Z - V)/Vs]

)

where V is the membrane voltage, V7, is the value of the voltage at which
Eq. 2 is equal to 0.5 and V5 is the slope coefficient (in mV). For noise-
variance analysis, currents were evoked by M = 10-20 consecutive voltage
jumps from a holding voltage of —80 mV to 40 mV for 0.5 s. The mean-
variance, ¢°, was calculated as:

Mo* =3 (1,-1)° (3)

i=1,M

where I is the mean macroscopic current:

MI= 3 I, (4)
i=LM
The single-channel current, i, and the number of channels in the cell,
N, were estimated by fitting the following relationship (I, is a constant):

o =i(l— 1)) — (I-1,)*/N, )

The open probability, p,, was calculated as:

_ ;
Pu_l-NC ()

For recording the activity of neurons, cells were clamped in the current
clamp, and APs were elicited by current injections from —10 pA to 120 pA
in 10 pA increments. Cells with a resting membrane potential > —40 mV
were discharged. At the end of each recording, the cell cytoplasm was gently
sucked into the patch pipette, to quantify Kenbl and VGIuT1 transcripts by
using a modified protocol of the polymerase chain reaction (PCR) analysis
of gene expression in single neurons technique of the patch clamp®. Briefly,

the cell was patched with a sterile RNase-free pipette. After the recording, the
patch pipette containing the cell’s cytoplasm was transferred to a PCR tube
for real-time-PCR analysis, using a micropipette ejector and a micro-
centrifuge according to the manufacturer’s instructions. The cell content
was diluted in 10 pL lysis/DNase solution and then RT mix was added to
perform the reverse transcription reaction. Then, the RT-PCR amplification
was carried out and analyzed.

Recovery after photobleaching (FRAP). E13 pure primary neuron
cultures at DIV13 were transfected with 20 uL of transfection reagent and
1.5ug of plasmid DNA was used for each transfection. Cells were
transfected with Lipofectamine and incubated for 16 h prior to FRAP,
using an Olympus FV1000MPE 2-photon microscope. Twenty images
were taken every 0.5 s (2 Hz). Three images were taken pre-bleaching for
control. Photobleaching was performed at 1.5 s and the first image after
photobleaching was taken at 2s. Measurements were taken in basal
dendrites (where Kcnb1 expression, along with the soma is maximal®), at
a distance from the soma (~5-15 um) that we tried to maintain constant
as much as possible. We kept photobleaching settings constant and
controls were repeated every experimental session. The fluorescence
recovery, R(t), was calculated as:

F—F;
R(t) = 100 ——— =0 (7)
FMax - Fmin

and is expressed in percent. Fluorescence recovery was assumed to be
reaction-limited and was fitted to a single exponential function:

R(t) — 1 — ¢ kot ®)

where kg is the rate of unbinding of Lifeact-GFP to F-actin’. FRAP
measurements in dendrites in which the recovery varied less than 10% were
discarded.

Statistics and reproducibility

Sample size, N, was estimated with power analysis with a=0.05 and
power = 0.8*“. Normality and log-normality tests (D’ Agostino and Pierson)
were calculated for normal distribution. Significance, P, was assumed to be
at the 95% confidence limit or greater. Significance was estimated with one-
way ANOVA with a Tukey’s post hoc test, a two-tailed student ¢-test, or a
two-sample Kolmogorov-Smirnov test, using Prism software. Data are
presented as mean + standard error of the mean.

Data availability

All data generated or analyzed during this study, including the source data
behind the figures in the paper, are available at Dryad at: https://doi.org/10.
5061/dryad.gmsbcc2ws. All other data are available from the corresponding
author upon reasonable request.
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