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Effects of FGF14 and Na,f4 deletion on transient
and resurgent Na current in cerebellar Purkinje
neurons

Hayley V. White?, Spencer T. Brown'? Thomas C. Bozza? and Indira M. Raman?@®

Voltage-gated Na channels of Purkinje cells are specialized to maintain high availability during high-frequency repetitive
firing. They enter fast-inactivated states relatively slowly and undergo a voltage-dependent open-channel block by an
intracellular protein (or proteins) that prevents stable fast inactivation and generates resurgent Na current. These properties
depend on the pore-forming a subunits, as well as modulatory subunits within the Na channel complex. The identity of the
factors responsible for open-channel block remains a question. Here we investigate the effects of genetic mutation of two Na
channel auxiliary subunits highly expressed in Purkinje cells, Nayf4 and FGF14, on modulating Na channel blocked as well as
inactivated states. We find that although both NayB4 and the FGF14 splice variant FGF14-1a contain sequences that can
generate resurgent-like currents when applied to Na channels in peptide form, deletion of either protein, or both proteins
simultaneously, does not eliminate resurgent current in acutely dissociated Purkinje cell bodies. Loss of FGF14 expression
does, however, reduce resurgent current amplitude and leads to an acceleration and stabilization of inactivation that is not
reversed by application of the site-3 toxin, anemone toxin Il (ATX). Tetrodotoxin (TTX) sensitivity is higher for resurgent than
transient components of Na current, and loss of FGF14 preferentially affects a highly TTX-sensitive subset of Purkinje a
subunits. The data suggest that Nay1.6 channels, which are known to generate the majority of Purkinje cell resurgent current,

bind TTX with high affinity and are modulated by FGF14 to facilitate open-channel block.

Introduction

Voltage-gated Na current is required for the upstroke of the
action potential in nearly all neurons. Consequently, action
potential firing frequencies depend on the availability of Na
channels to open upon depolarization, which is set by the
rates of entry into and recovery from nonconducting channel
states. These rates vary with the identity of the pore-forming
a subunit, as well as with the auxiliary subunits that compose
Na channel complexes. For instance, cerebellar Purkinje cells,
which have several ion channels specialized for rapid firing
(Raman and Bean, 1999; Khaliq et al., 2003; Martina et al.,
2007; Carter and Bean, 2009, 2011; Benton et al., 2013),
have Na channels well suited to maintain high availability.
They express a high proportion of Nayl.6 subunits (gene
scn8a), which show less stable inactivation, faster recovery
from inactivation, and less slow inactivation than other a
subunits (Raman et al., 1997; Smith et al., 1998; Herzog et al.,
2003; Do and Bean, 2004; Aman and Raman, 2007; Mercer
et al., 2007).

Purkinje cells also express auxiliary proteins that further
increase Na channel availability. One such protein acts as a
voltage-dependent intracellular open-channel blocking particle
that competes with fast inactivation (Raman et al., 1997; Raman
and Bean, 2001; Grieco et al., 2002, 2005; Grieco and Raman,
2004). Unlike the inactivation gate within the DIII-DIV linker
(Eaholtz et al., 1994; Yan et al., 2017; Pan et al., 2018; Shen et al.,
2019), this protein binds in the permeation pathway upon de-
polarization and is expelled by permeating ions upon repolari-
zation, before activation gates close (Afshari et al., 2004; Aman
and Raman, 2010). Under voltage clamp, Na channels with this
protein produce transient current upon depolarization followed
by resurgent current upon repolarization; during spiking, un-
blocking rapidly restores availability, facilitating high-
frequency firing (Raman and Bean, 1997, 2001; Khaliq et al.,
2003; Aman and Raman, 2007; Lewis and Raman, 2014).

The molecular identity of the proteins that determine the
balance between open-channel block and fast inactivation
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remains a question. To date, the best candidate for the blocking
protein is the Na channel subunit NayB4 (gene scndb, Yu et al.,
2003), since a “B4 peptide” from the NayBf4 cytoplasmic tail
induces a resurgent-like current in cells lacking a native blocker
(Grieco et al., 2005). Heterologous expression of Nayf4 with
pore-forming subunits, however, cannot reconstitute resurgent
current (Chen et al., 2008; Aman et al., 2009; Theile et al., 2011).
Additionally, when Nay[4 expression is reduced or abolished in
cerebellar granule cells, dorsal root ganglion (DRG) neurons, or
Purkinje cells (Bant and Raman, 2010; Barbosa et al., 2015;
Ransdell et al., 2017), resurgent current is decreased but not
eliminated, raising the question of what other proteins directly
or indirectly influence open-channel block.

A second auxiliary protein that is well positioned to regulate
Na channel availability is intracellular fibroblast growth factor
homologous factor 14 (FGF14), which is highly expressed in
Purkinje cells (Shakkottai et al., 2009; Xiao et al., 2013). FGF14
interacts with the C-termini of voltage-gated Na channels to
alter their trafficking and gating (Liu et al., 2001 Lou et al.,
2005; Laezza et al., 2007; Ali et al., 2016; Pablo and Pitt, 2016;
Di Re et al., 2017). Knockdown or deletion of FGF14 slows Pur-
kinje cell spontaneous firing in vivo and decreases Nayl.6 ex-
pression (Shakkottai et al., 2009; Xiao et al., 2013; Bosch et al.,
2015; Pablo et al., 2016). Knockdown also stabilizes Na channel
inactivation and reduces resurgent Na current in cultured Pur-
kinje cells (Yan et al., 2014).

Here, recording Na currents of acutely isolated mouse
Purkinje neurons, we find that knockout (KO) of Nayf4 has no
detectable effects on Purkinje Na current, but transient cur-
rent is briefer and resurgent current is reduced in the absence
of FGF14. We identify multiple factors that may contribute to
the effects of FGF14. First, we find that the splice variant
FGF14-1a contains a sequence even more effective at Na
channel block and unblock than the B4 peptide. Second, FGF14
deletion favors nonconducting states in a manner that is rel-
atively resistant to site-3 toxin destabilization of inactivation.
Third, resurgent current in Purkinje cells is disproportion-
ately carried by highly tetrodotoxin (TTX)-sensitive Na cur-
rent, which is selectively affected in FGF14-KO cells. These
results indicate that FGF14 likely modulates several tran-
sitions among open, blocked, and inactivated states, main-
taining a high availability of Purkinje cell Na channels during
firing.

Materials and methods

All experiments were performed in accordance with institu-
tional guidelines and were approved by the Northwestern Uni-
versity Institutional Animal Care and Use Committee, protocol
number IS00000242 (.M. Raman).

Mouse strains

Generation of Nay34 mutant mice

A 129S7/SvEv BAC clone (bMQ377-C2) containing the scn4b ge-
nomic locus (encoding the NayB4 protein) was transferred to
SW102 bacterial cells and modified via recombineering to gen-
erate targeting vectors (Warming et al., 2005).
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Scn4b conditional (scn4bfl) mice

A 671-bp region including scndb exon IV was replaced in one
round of recombineering with a targeting cassette containing a
28-bp random genotyping tag, loxP-flanked scn4b exon IV, and a
Spel-flanked kanamycin resistance gene, by means of 40-bp
homology arms. Kanamycin-resistant BAC clones were screened
by PCR, and the recombined interval was sequenced. A verified
targeted clone was then used to isolate a targeting vector in a
second round of recombineering via gap repair. pBluescript
SK+ was amplified by PCR to contain two 40-bp gap repair ho-
mology arms to isolate a targeting vector that includes a 3.0-kb
5" homology arm and a 4.4-kb 3’ homology arm. Ampicillin-
resistant clones were verified by PCR and sequencing. The re-
sulting targeting vector was digested with Spel to remove the
Kan cassette, which was replaced with FRT flanked neomycin
resistance gene (FNF) as an Avr II fragment.

To generate constitutive scn4b KO animals, scn4bf mice were
crossed with E2a-Cre mice FVB/N-Tg(Ella-cre)C5379Lmgd/] (JAX
stock #003314; Lakso et al., 1996). The resulting allele is missing
exon IV, and potential splicing from exon III to exon V is pre-
dicted to produce an immediate truncation of the coding se-
quence at the exon junction.

Scnab peptide deletion (scn4b?P) mice

A 671-bp region including scn4b exon IV was replaced in one
round of recombineering with a targeting cassette containing a
28-bp random genotyping tag and a mutated scn4b exon IV, and
an Ascl flanked kanamycin resistance gene, by means of 40-bp
homology arms. The sequence alteration at the 3’ end of exon
IV removes the sequences encoding the peptide FILKKTR.
Kanamycin-resistant BAC clones were screened by PCR, and the
recombined interval was sequenced. A targeting vector was
isolated by gap repair as described above, and ampicillin-
resistant clones were verified by PCR and sequencing. The re-
sulting targeting vector was digested with AscI to remove the
Kan cassette, which was replaced with an AscI-flanked autoex-
cising loxP-flanked neomycin resistance gene (ACNF).

For both mutations, mismatches were introduced into the
scn4b exon IV region based on Mus spretus sequence, to inhibit
homologous recombination in ES cells within the desired in-
sertion (e.g., between loxP sites). Targeting vectors were line-
arized with Pmel and electroporated into a 129/X1 ES cell line
(PRX-129). Recombined clones were identified by long-range
PCR (Skarnes et al., 2011) and injected into C57BL/6] blasto-
cysts. Male chimeras were bred to C57BL/6] females, and F1
progeny were intercrossed. To remove the FNF selection cas-
sette from scn4bf! allele, F1 mice were crossed to ROSA-flpO mice
B6.12954-Gt(ROSA)26Sortm2(FLP)Sor /T (Jax #012930).

FGF14~/~ mice

FGF14~/~ mice, originally developed by Wang et al. (2002), were
a gift from the laboratory of Jeanne Nerbonne (Washington
University, St. Louis, MO). These mice contain a deletion of
exons II and III of the fgfl4 gene, which encode the entire core
region of the protein. In place of the deleted exons is an inser-
tion of the gene encoding B-galactosidase, resulting in the ex-
pression of a fusion protein consisting of f-galactosidase and the
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alternatively spliced N-terminus of FGF14-1a or 1b. Based on
previous studies, it is likely that the function of FGF14 protein is
greatly disrupted in these mice (Wang et al., 2002; Shakkottai
et al., 2009; Bosch et al., 2015). FGF14 mutant mice were bred as
heterozygotes, and homozygous littermates (+/+ and -/-) were
used for recording. Both sexes of mice were used for experi-
ments, and sex was recorded. Summary data for each sex in each
dataset are reported.

Quantitative PCR

NayP4 mRNA expression in NayP4~/~ and Nay[B42P/2P mice was
measured via qPCR, following MiQE (Minimum Information for
Publication of Quantitative Real-Time PCR Experiments)
guidelines (Bustin et al., 2009). Cerebella were dissected from
homozygous mutant mice and WT littermates (P12-20), and
RNA was extracted using RNeasy RNA isolation kit (Qiagen),
followed by treatment with DNase. RNA quality was assessed
(Bioanalyzer), and only samples with an RNA integrity number
>9 were used for analysis. cDNA synthesis was performed with
Superscript III reverse transcription (Invitrogen) on 300 ng
RNA. qPCR was performed with three sets of intron-spanning
primers covering various exons of the five-exon gene. Primer
set A (exons I-II): forward 5'-GGAACCGAGGCAATACTCAG-3’,
reverse 5'-TGAGCCGTTAATAGCGTAGATG-3' (128 bp). Primer
set B (exons IV-V): forward 5 -GGGTCATTGGACTTCTTGTTTG-
3', reverse 5'-TTCCCAGAGGAACTCACGAG-3’ (109 bp). Primer
set C (exons I1I-V): forward 5'-CATCTTCCTCCAAGTGGTTG-3’,
reverse 5'-AACTCACGAGACACTCCTTC-3’ (176 bp in WT). Scndb
gene expression was normalized to the reference gene, Gusb:
forward 5'-GCTGATCACCCACACCAAAG-3’, reverse 5'-CAC
AGATAACATCCACGTACG-3' (107 bp). No-template controls
were run for each primer set to test for contamination and
primer dimers. pPCR was performed in 10-pl reactions con-
tained 5 pl of iQ SYBR Green Supermix (Bio-Rad), 300 nM of
each primer, and cDNA equivalent to 2 ng of RNA. Cycling was
done using a Bio-Rad CFX384 Touch Real-Time PCR Detection
System, cycling conditions: 95°C for 3 min, followed by 40 cycles
of 95°C for 15 s and 59°C for 45 s. All reactions were run in
triplicate, and no-template controls were run for every primer
set. Melting curve analysis was run at the end to verify amplicon
specificity.

Sequencing

A fragment of scn4b cDNA (from cerebellar RNA) spanning the
mutation was amplified from mutant and WT littermates via
PCR using the following primers: forward 5'-AGATACACCTGC
TTCGTGAG-3'; reverse 5'-ACACTTTTGTGGGTGGCTTC-3'. Am-
plicons were gel extracted using Qiaquick Gel Extraction kit
(Qiagen) and directly sequenced.

Cell isolation

Neurons were acutely dissociated from mice ages postnatal day
(P) 12-20 for Purkinje cells and P8-15 for CA3 pyramidal cells,
with procedures modified slightly from Raman and Bean (1997)
and Raman et al. (1997) owing to changes in the available pro-
teases. Mice were anesthetized with isoflurane, and sections of
the cerebellar cortex or the whole hippocampus were dissected
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from the brain. Tissue was minced and incubated in preoxy-
genated dissociation solution (in mM: 82 Na,SO,, 30 K,SO,,
5 MgCl,, 10 HEPES, 10 glucose, and 0.001% phenol red, pH 7.4,
300 mOsm) containing 2 mg/ml proteinase type XXIII (Sigma-
Aldrich, P4032) at 30°C for 4 min (cerebellum) or 6 min (hip-
pocampus). The tissue was then washed in oxygenated 30°C
dissociation solution containing 1 mg/ml BSA (Sigma-Aldrich,
A7030) and 1 mg/ml trypsin inhibitor (Sigma-Aldrich, T9253;
pH 7.4 with NaOH) and microdissected into smaller pieces
(cerebellum), or the CA3 region was dissected (hippocampus).
The tissue was then triturated with a series of fire-polished
Pasteur pipettes in 30°C oxygenated Tyrode’s solution (in mM:
150 NaCl, 4 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES, and 10 glucose, pH
7.4, 300 mOsm) and allowed to settle in the recording chamber
for 30-60 min. Oxygenated 30°C Tyrode’s solution was added to
fill the chamber completely before recording and allowed to cool
to room temperature. Recordings were made from cells <4 h
after isolation.

Electrophysiological recording

All recordings were performed at room temperature (22-23°C).
Dissociated cells were identified by morphology: Purkinje neu-
rons were pear-shaped, while CA3 neurons were pyramidal.
Recording pipettes pulled to 1.5-2.5-MQ resistance were wrap-
ped with parafilm to reduce capacitance and filled with internal
solution (in mM: 108 CsCH;05S, 9 NaCl, 4.5 TEACI, 1.8 MgCl,, 4.5
EGTA, 9 HEPES, 4 MgATP, 14 Tris-creatine-PO,, and 0.3 Tris-
GTP, 300 mOsm with sucrose, pH 7.4 with CsOH). Voltage-
clamped currents were recorded on an MultiClamp 700B
amplifier and pClamp 10.3 (Molecular Devices), with series re-
sistance compensated >70%.

After whole-cell access was achieved, cells were lifted from
the bottom of the chamber and placed in front of gravity-driven
quartz flow pipes containing either low-Na solution (in mM: 50
Na(l, 2 BaCl,, 0.3 CdCl,, 110 TEA-CI, and 10 HEPES, pH 7.4, 300
mOsm) or high-Na solution (in mM: 100 NaCl, 2 BaCl,, 0.3 CdCl,,
5 TEA-Cl, and 10 HEPES, pH 7.4, 300 mOsm) to record Na
currents. Recordings were repeated in the same solutions con-
taining a saturating concentration (300 nM) of TTX to block
voltage-gated Na channels (Moore and Narahashi, 1967). As
noted, a subsaturating concentration of TTX (5 nM) was in-
cluded in the control recording solution to reduce the magnitude
of Na current and improve the quality of voltage clamp. For ATX
experiments, 500 nM ATX was included in both recording so-
lution and TTX solution. For CA3 recordings, the internal solu-
tion contained 200 or 400 uM peptide as indicated, and EGTA
was reduced to 0.8 mM to minimize precipitation of peptides.

Peptides and drugs

Purkinje cell proteins containing sequences with homology to
the B4 peptide were determined by searching RNA-seq data
from the laboratory of Barbara Wold, California Institute of
Technology, Pasadena, CA (https://www.encodeproject.org/
experiments/ENCSR320PXZ), which provides RNA-seq data
from a single Purkinje cell from a male mouse. Potential
blocking peptides from these proteins were then designed to
include 14-15 residues of the sequence that resembled the 4
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peptide, along with residues expected to maximize likelihood of
solubility. All peptides were synthesized by Life Technologies
Pierce Custom Peptides. Multiple lots were used to verify rep-
licability of results. Both ATX and TTX were purchased from
Alomone Labs.

Data analysis, exclusion criteria, and statistics
Electrophysiological data were analyzed with Igor Pro version
7.0 (Wavemetrics). All Na currents were analyzed and displayed
after records in 300 nM TTX were subtracted from records in
control (0 or 5 nM TTX) solutions and therefore represent TTX-
sensitive voltage gated Na current. The basic attributes of cur-
rents, such as presence or absence of resurgent currents, are
reported for all cells in all experiments, but quantitative analy-
ses are limited to cells with high-quality voltage clamp. The
quality was considered to be high only if recordings fulfilled the
following criteria: a) a gradual increase in peak current ampli-
tude and decrease in time to peak, with progressively larger
depolarizations between -60 and approximately -30 mV,
without stepwise increases evident in the peak current-voltage
relationship; and b) the absence of inflections generating a
concave down region on the rising phase of Na currents, which
was indicative of an escaping action potential.

Resurgent current (I,,;) was measured either as absolute peak
Na current evoked upon repolarization from +30 mV or as
“relative resurgent current,” i.e., peak resurgent current nor-
malized to peak transient current (at 0 mV, except where stated
to be -30 mV). Where only a single value for relative resurgent
current is reported, the resurgent current at -30 mV was used in
the normalization. Steady-state Na current (I,;) was measured as
the mean current in the last 10 ms of the depolarizing step after
the decay of transient current and in the last 20 ms of the re-
polarizing step after the decay of resurgent current.

Decay phases of Na currents were fitted with single expo-
nential decays or the sum of two exponential decays, each of the
form Iy, = Axexp(-t/t) + I, where Iy, is peak Na current, A is
amplitude, T is the decay time constant, I is the steady-state
current, and t is time; where double exponential fits were used,
the percentage contributed by the fast and slow components of
decay were also estimated. For activation curves, peak transient
currents evoked by step depolarizations from -90 mV were
first converted to conductances by dividing by the driving
force calculated from the predicted equilibrium potential. Acti-
vation curves of peak transient conductances were then
fitted with a Boltzmann equation for activation of the form
Gna = Gmax/{1 + exp[-(V - Vi,2)/k]}, where Gy, is conductance,
Gmax is the maximal conductance, V is the step potential, Vy, is
the voltage at which half the conductance is activated, and k is
the slope factor, indicating the depolarization necessary for an
e-fold change in Gy, in some cases, the data were first nor-
malized by Gpay and then fitted. Inactivation curves for tran-
sient current were computed by dividing the peak Na current
elicited with a 10-ms step to 0 mV after 100-ms conditioning
steps to a range of voltages by the peak transient current
elicited by a step from -90 mV to O mV. The data were then
fitted with a Boltzmann equation for inactivation of the form
Ina/Imax = Iss + (Ina = Iss)/{1 + exp[(V - Vi;5)/k]}, where Ing/Imax
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is the normalized peak current, I is the steady-state non-
inactivated component of current, V is the step potential, V,, is
the voltage at which half the current is inactivated, and k is the
slope factor. Data for each cell were fitted individually with
activation and inactivation curves, and simulated curves with
mean parameters are plotted.

In some traces, residual imperfectly subtracted capacitative
transients were blanked for clarity. All data are reported as
mean + SEM. Statistical comparisons were made with Student’s
t test or one-way ANOVA with Tukey’s post hoc, and P values are
reported.

Results
Na currents in Nayp4 mutant mice
NayP4 emerged as a good candidate for an Na channel blocker
owing to its proximity to the channel and its proposed blocking
sequence. However, several lines of evidence have suggested
that Nay[34 may not be the only factor contributing to resurgent
Na current production. To test the extent to which NayB4 may
be necessary for resurgent Na current, we developed a floxed
NaypB4 conditional KO (Nayf4?/f) mouse line, in which exon IV
of the five-exon scndb gene is flanked by loxP sites (Fig. 1 A).
Exon IV encodes the single transmembrane domain of the pro-
tein, as well as the putative blocking peptide (Fig. 1 A, right). To
generate a constitutive deletion allele, we crossed NayB4/f mice
with a germline Cre strain (E2a-Cre) to obtain F1 offspring with
exon IV deleted. The allele was bred to homozygosity (NayB4~/-),
and the deletion was verified by PCR amplification and direct
sequencing of tail DNA. Scn4b transcripts containing exon IV
were detectable by quantitative PCR (qPCR) in WT controls but
were undetectable in NayB4~/~ mice, confirming deletion of the
membrane-spanning domain and intracellular tail (Fig. 1, A [red
arrows] and B). Although a transcript containing upstream
exons (I to II) remained detectable in Nayf4~/~ mice, it was re-
duced by >60% compared with the WT transcript (Fig. 1, A [gray
arrows] and B). To test whether the residual transcript spliced
from exon III to V, we amplified cerebellar cDNA using intron-
spanning primers (Fig. 1, A [black arrows] and B). Sequencing
indeed revealed an abnormal splice, but it resulted in a coding
sequence with a premature stop codon that would truncate the
protein after exon III. Thus, despite the residual RNA-encoding
upstream exons, the absence of the single transmembrane do-
main and the putative blocking sequence of Nayp4 make it seem
highly likely that functional protein was no longer expressed.

In addition, to control for effects resulting from loss of the
whole Nayf4 protein, we made a second, “peptide deletion”
mouse (NayP42P), in which seven key amino acids from the
proposed blocking sequence were deleted (amino acid residues
189-195: FILKKTR; Fig. 1 A). We note that scndb RNA levels from
this allele were reduced by ~20% compared with WT (Fig. 1 B).
Sequencing of cerebellar cDNA from Nayp42P/2P mice confirmed
that the desired sequence was deleted, so that any protein made
lacked the putative blocking sequence of Nayp4.

To test whether resurgent current was disrupted in either of
these mice, we recorded voltage-clamped, TTX-sensitive Na currents
from acutely dissociated Purkinje cells. In all electrophysiological
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Figure 1. Genetic strategy and validation of scn4b (NayB4) mutant mice. (A) Left, Schematic illustrating the gene encoding NayB4 (scn4b), which contains
five exons. Arrows represent PCR primers. The expanded region above shows exon IV, which includes the transmembrane (TM) domain and the B4 peptide (P)
sequence, flanked by loxP sites. The expanded region below shows the B4 peptide sequence with amino acids deleted in the Na,B42P/2P (peptide deletion)
mouse shown in white. Right, Schematic of the Nay4 protein in the membrane, showing location of regions targeted for deletion. (B) Fold change in mRNA
expression (mean + SEM) in NayB4~/ (blue) and peptide deletion (green) mice compared with WT littermates (n = 3 for each genotype), measured with qPCR
primer set indicated by arrows in A (gray, spanning exons | and Il; red, exons IV and V; black, exons Il and V). Note, there was 0 mRNA expression in NayB4~/~
mice with primers targeting exon IV (red arrows), confirming deletion of transmembrane and putative blocking regions.

experiments, sex was recorded. Because of the scarcity of mice TTX-sensitive Na currents were recorded in eight cells from
of each genotype and the number of conditions being compared, ~NayB4*/* WT mice and 25 cells from NayB4~/~ KO littermates
we did not attempt to balance recordings from the sexes, and  (P12-P18). In initial experiments, variable concentrations of
data from males and females are pooled, but all measurements subsaturating TTX (0, 5, or 10 nM) were included in the ex-
segregated by sex are given in Tables 1, 2, 3, and 4, organized by  tracellular solution to reduce current magnitudes and improve
figure number. voltage-clamp. In all WT cells, regardless of the concentration of
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Figure 2. Retention of normal transient and resurgent currents in NayB4~/~ and peptide deletion Purkinje cells. (A) Transient (left) and resurgent
(right) Na current from a WT (black) and NayB4~/~ (blue) isolated Purkinje cell (50 mM extracellular Na, 5 nM TTX). Inset, resurgent component at higher gain.
(B) Activation and inactivation curves with mean parameters for WT (n = 6) and NayB4~/~ (n = 8) Purkinje cells (values in text). (C) Rise time (left) and decay T
(right) of resurgent current at =30 mV for WT and NayB4~/~ (values in text). (D) Peak absolute resurgent current versus voltage (top) and relative resurgent
current versus voltage (bottom) for WT and NayB4~/~. (E-H) Same as A-D but for cells from peptide deletion mice (green, n = 9) and WT littermates (black, n = 9).
Resurgent current at =30 mV, -70.3 pA (WT), -92.1 pA (mutant); resurgent to transient ratios, 3.4% (WT), 3.2% (mutant). Data in C, D, G, and H are mean +

SEM.
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Measure wT Na,B4-/- wT Na, p42r/2p

M (n = 4) F(n=2) M(n=2) F(n=6) M (n = 6) F(n=3) M (n = 6) F(n=3)
Gunax (nS) 785 + 8.1 107.2 + 3 614 + 0.18 615 + 8.1 74.8 £ 85 447 + 11 618 + 58 76112
V1, activation (mV) -34+26 -42+63 -375+35 -353+06 -391%32 -371:19 -37.2+13 -403+ 06
k activation (mV) 597 +0.21 6.56+153  6.13 %099 590+ 039 465x051 554:053 459 :0.16 5.05 = 0.58
Vi, inactivation (mV)  -59.7+171 -623+21 -581:083 -625%16 -613:12 -606:01 -60.6+096 -60.7+11
k inactivation (mV) 6.13+0.26 572 +0.01 557 +0.05 6.12 + 0.17 565+021 562+081  6.03+022 6+ 0.05
;54 rise (ms) 736+ 055  6.07:022 625+136 629+043 508+037 667+158 599043 8.09 + 0.96
;55 decay T (ms) 27321 26539 25.8 + 0.95 276 +099  229+053 234:+088 26136 285+ 2
Relative rsg (%) 267+028  23£0.06 2.88 + 0.39 228+049  23:0.19 269+ 008 258:0.26 27+013

subsaturating TTX, transient currents at 0 mV exceeded 2 nA,
and resurgent currents flowed upon repolarization to -30 mV
after a 10-ms step to +30 mV. In all NayB4~/~ cells, transient
currents were large and resurgent currents were also evident,
confirming that resurgent current can remain in Purkinje cells
in the absence of functional NayB4 (Ransdell et al., 2017). Owing
to high Na current densities and fast kinetics, however, the
voltage-clamp of transient currents was not always ideal. We
therefore quantified current magnitudes and kinetics only in the
six WT and eight KO cells that satisfied criteria for well-clamped
currents and good TTX subtractions (see Materials and meth-
ods); Na currents in all these cells were recorded in 5 nM TTX.

In both sets of cells, transient Na currents were robust, and
resurgent Na currents were still present upon repolarization
(Fig. 2 A). Loss of NayP4 did not affect the voltage dependence of
activation and inactivation of the transient current relative to
WT (Fig. 2 B; WT vs. NayB4~/-, n = 6 and 8; Vy,, activation:
-36.6 +2.9vs. -35.8 + 0.81mV, P = 0.8; V}5 inactivation: -60.6 +
1.3 vs. -61.4 + 1.3 mV, P = 0.7; k activation: 6.2 + 0.4 vs. 6.0 + 0.3
mV, P = 0.71; k inactivation: 6.0 + 0.2 vs. 6.0 + 0.1mV, P = 0.97).

In the same cells, the kinetics of resurgent current measured
at -30 mV were indistinguishable in WT and mutant mice (Fig. 2
C; WT vs. NayP4~/-, rise time: 6.9 + 0.4 vs. 6.3 £ 0.4 ms, P = 0.3;
decay T: 25.5 £ 1.4 vs. 259 £ 1.9 ms, P = 0.9). Plotting the
current-voltage relation for peak resurgent Na currents values
indicated that NayP4~/- cells in this dataset had smaller total
resurgent current than their WT littermates (Fig. 2 D, top);
however, the maximum Na conductance for NayB4-/~ cells was
also significantly smaller than for their WT littermates (WT vs.
NayB4~/~, Gmax: 87 + 8 vs. 61 £ 6 nS, P = 0.02). Although it ini-
tially seemed possible that this difference reflected mutation-
induced changes in trafficking, a statistical difference was not
evident in other subsets of cells tested (see below), consistent
with previous observations that total current magnitudes vary
widely across individual dissociated Purkinje cells (e.g., Raman
et al,, 1997). We therefore made all further comparisons using
relative resurgent-to-transient current amplitudes. Indeed,
when peak resurgent current values were normalized to the
peak of the transient current measured at 0 mV (Fig. 2 D, bot-
tom), the curves superimposed, indicating that the fraction of
blocked Na channels was unchanged. The data therefore
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demonstrate that a protein other than Nayf4 is fully capable of
producing resurgent current in Purkinje cells that is indistin-
guishable from WT.

Recordings of Na currents in Purkinje cells from peptide
deletion mice and their sibling controls gave largely similar re-
sults (Fig. 2 E). Again, the voltage dependence of activation and
inactivation did not change (Fig. 2 F; WT vs. peptide deletion; n =
9, 9; V5 activation: -38.4 + 2.2 vs. -38.3 + .0 mV, P = 0.9; V}»
inactivation: -61.1 + 0.8 vs. -60.6 + 0.7 mV, P = 0.7; k activation:
49 + 0.4 vs. 4.7 + 0.2 mV, P = 0.7; k inactivation: 5.6 + 0.3 vs.
6.0 + 0.1 mV, P = 0.2). The kinetics of resurgent current at
-30 mV were also similar (Fig. 2 G; rise time: 5.6 + 0.6 vs. 6.7 +
0.5 ms, P = 0.2; decay T: 23.7 + 0.8 vs. 27 + 2.0 ms, P = 0.2).
Current-voltage relations indicated that the absolute resurgent
current amplitude was the same in WT and mutant cells
(Fig. 2 H, top), and the maximal transient Na conductance was
also the same in both groups (Gupax: 65 * 8.1 vs. 67 + 4.5nS, P =
0.9), producing overlapping relative resurgent current-voltage
curves (Fig. 2 H, bottom). The data provide further evidence that
Purkinje cells must express other blocking factors, even when a
blocking-peptide-free but otherwise intact NayP4 protein is
present.

Identification of other proteins with putative

blocking sequences

Previous studies of Na channel block by the 14-mer or 20-mer
KKLITFILKKTREK [KKECLV], the B4 peptide, suggested that the
residues necessary to produce resurgent current with kinetics
similar to that seen in Purkinje cells were the phenylalanine (F6)
and the positively charged residues that flank it (Grieco et al.,
2005; Lewis and Raman, 2011). Therefore, to identify other po-
tential blocking proteins, we searched open source RNA se-
quencing (RNA-seq) data from single Purkinje cells (see
Materials and methods for link) for mRNA encoding proteins
with the K2, F6, and K9 motif from the B4 peptide. This search
yielded 164 proteins, of which NayP4 was the only protein with
100% identity to the B4 peptide. Based on a literature search, the
list was narrowed down to nine proteins that were membrane
bound or possibly cytosolic (i.e., not exclusively expressed in the
nucleus), whose putative blocking sequence was likely to be
intracellular, and that did not have a known function that
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Figure 3. Variable efficacy of open-channel block by peptides from Purkinje cell proteins expressing B4 peptide-like sequences. (A) Na currents
recorded in CA3 neurons without added intracellular peptides (left), with 200 uM B4 peptide (middle), and with 200 uM mutant B4 peptide mimicking the
sequence in peptide-deletion mice (right). 50 mM extracellular Na, 0 TTX. Scale bars apply to all traces. (B) Top, Sequences of peptides tested aligned to the B4
peptide sequence. Green, conserved residues; yellow, conserved charge; white, nonconserved residues. Bottom, peak relative resurgent current for each
peptide. (C) Na currents recorded with 200 uM intracellular FGF14-1a, GPR158, FGFR3, and MCTP1 peptides. Scale bars apply to all four traces. (D) Mean
normalized transient current traces at -30 mV with 200 pM (left) or 400 uM (right) B4 (blue) or FGF14-1a (red) peptide. Scale bars apply to both traces. Inset,
decay Trs: and Tqpow for double exponential fits of transient current decay with 400 uM peptide. Data in B and D are mean + SEM. *, P < 0.05. (E) Sample

relative resurgent-like current traces with 200 uM FGF14-1a, FGF13-1a, and FGF14_L7S peptides.

apparently excluded it from being associated with Na channels.
These nine proteins along with their putative blocking se-
quences are listed in Table 5. Of particular interest was FGF14-1a,
since both the 1a and 1b isoforms of FGF14 are known to interact
with the C-termini of Na channels and modulate their gating
(Munoz-Sanjuan et al., 2000; Wang et al., 2000; Lou et al., 2005;
Laezza et al., 2009; Pablo and Pitt, 2016; Di Re et al., 2017). Also,
loss of FGF14 can slow firing rates of Purkinje cells as well as
reduce resurgent current, although these effects have been
largely ascribed to FGF14-1b (Shakkottai et al., 2009; Yan et al.,
2014; Bosch et al., 2015).

To test whether any of these sequences were capable of
producing resurgent current, we made use of synthetic peptides
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from the four proteins with sequences predicted to have the
highest solubility based on hydrophilicity (FGF14-la, GPR158,
FGFR3, and MCTP1). Whole-cell recordings were made from
acutely dissociated mouse CA3 hippocampal pyramidal neurons
(WT and P8-P15), a cell type that completely lacks resurgent Na
current until an effective open-channel-blocking peptide is
added intracellularly (Raman and Bean, 1997; Grieco et al., 2005;
Lewis and Raman, 2011). Consistent with previous work, CA3
cells did not produce resurgent Na current in the absence of
added peptide (Fig. 3 A, left, n = 4), but with 200 .M B4 peptide
in the internal solution, they generated a resurgent-like current
upon repolarization to -30 mV that was ~3% the amplitude of
the transient current at 0 mV (Fig. 3, A [middle] and B [bottom],
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Table 2. Proteins expressed in Purkinje cells with sequence homology
to the B4 peptide

Gene Protein name Blocking
name sequence
Scn4b Sodium channel auxiliary subunit 4 KLITFILKK
FGF14-la  Fibroblast growth factor homologous KVRIFGLKK
factor 14-1a
MCTP1 Multiple C2 domains, transmembrane 1 KVFTENIKD
GPR158 Probable G protein-coupled receptor 158 ~ KNRVFSLKK
FGFR3 Fibroblast growth factor receptor 3 KVSRFPLKR
GRM1 Glutamate receptor, metabotropic 1 KLLDFLIKS
ABCAS ATP-binding cassette sub-family A member KYISFCVKK
5
EDNRB Endothelin receptor type B KLVPFIQKA
ATRN Attractin KKVEFVLKQ
ANK2 Ankyrin-2 KMVNFLLKQ

n = 6). To confirm that the region of the peptide required for
open-channel block corresponded to the deleted regions in the
NayP4 mutant mice, we tested a peptide that mimicked the re-
maining coding region in the peptide deletion mice (KKLI-
TEKKKECLV). This produced no resurgent-like current upon
repolarization (Fig. 3 A, right, n = 8), indicating that in the
peptide deletion mice, the remaining NayP4 protein was un-
likely to be directly responsible for the resurgent current seen in
Purkinje cells. When peptides with sequences shown in Fig. 3 B
(top) were tested at 200 pM, the GPR158 and MCTP1 peptides
produced small, fast resurgent-like currents (~2% of the tran-
sient), while the FGFR3 peptide produced no resurgent-like
current upon repolarization (Fig. 3, B [bottom] and C, n = 5, 3,
and 4).

In contrast, the peptide that mimicked FGF14-1a produced a
large resurgent-like current that was ~9% of the amplitude of
the transient current, i.e., threefold larger than the B4 peptide
(Fig. 3, B [bottom] and C, n = 8). In addition, this resurgent-like
Na current had faster kinetics than that seen with the B4 peptide
([34 vs. FGF14-1a, rise time: 7.5 + 0.6 vs. 3.9 + 0.21 ms, P = 0.001;
decay T:23.0 + 1.7 vs. 11 + 0.7 ms, P = 0.003), suggesting that the
FGF14-1a peptide bound to the Na channel with a lower affinity,
unblocking the channel more quickly (Lewis and Raman, 2011).

The different affinities of the two peptides were also evident
in the biexponential decay of transient current at -30 mV. The
FGF14-1a peptide gave a briefer tg, and a longer Ty relative to
the B4 peptide (Fig. 3 D, left; B4, n = 6; FGF14-1a, n = 8); when the
experiment was repeated with 400 uM of either peptide, the
difference in kinetics became more pronounced, making it more
clearly attributable to the specific blocker (Fig. 3 D, right; p4,
FGF14-1a, n = 4, 4; Tras: 1.0 £ 0.07 vs. 0.61 + 0.04 ms, P = 0.003;
Telow: 8.2+ 0.6 vs. 11.0 + 0.4 ms, P = 0.016; % fast: 88 + 2 vs. 73 +
4%, P = 0.016; transient current time to peak: 0.86 + 0.09 vs.
0.62 + 0.07 ms, P = 0.084). Previous work has provided evidence
that the fast phase of decay at -30 mV reflects the block that
occurs at all voltages, whereas the slow phase of decay reflects
the expulsion of the blocker by permeating Na ions, allowing
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repeated reopening before the onset of classical inactivation
(Raman and Bean, 2001; Aman and Raman, 2007, 2010). Here,
the briefer tgs can be interpreted as the FGFl4-la peptide
binding and blocking channels more readily than the B4 peptide,
while the prolonged t4o with the FGl4-la peptide suggests
multiple cycles of unbinding and binding, resulting in a longer
decay phase and a larger persistent current later in the depola-
rizing step (Raman and Bean, 2001).

Like FGF14, other members of the fibroblast growth factor
homologous factor family, i.e., FGF11, FGF12, and FGF13, are also
intracellular modulators of voltage-gated Na channels (Pablo
et al., 2016; Pablo and Pitt, 2016). We noted that the la isoform
of FGF13 contains a sequence resembling the putative blocking
sequence of FGF14-1a, including a phenylalanine flanked by
positive residues, RVKLFGSKKRRRRR, raising the possibility
that it, too, could block Na channels. We therefore tested the
effects of introducing a peptide of this FGFI13-la sequence
(200 pM) into the intracellular solution during recordings from
CA3 cells. The FGF13-1a peptide produced only a very small, fast
resurgent-like current upon repolarization (Fig. 3 E, n = 5),
consistent with an extremely low-affinity binding to the pore
(Lewis and Raman, 2011). Examination of the sequence sug-
gested that the polar serine in position 7 of the FGF13-1a peptide
might differ sufficiently from the nonpolar leucine in position 7
of the FGF14-la peptide to hinder the ability of the FGF13-1a
peptide to block Na channels. To test this possibility, we intro-
duced a serine residue into the corresponding position of the
FGF14-1a peptide: KVRIFGSKKRRLRR (FGF14 L7S). Indeed, FGF14
L7S no longer induced a large, slow resurgent-like current upon
repolarization. Instead it generated small brief resurgent-like
current, much like that of the FGF13-1a peptide in both ampli-
tude and kinetics (Fig. 3 E, n = 3). This result demonstrates that
the residues surrounding the phenylalanine can exert a signif-
icant effect on the affinity of blocker-like proteins.

Na currents in FGF14 mutant mice

As mentioned above, previous studies have demonstrated that
short hairpin RNA (shRNA) knockdown of both the FGF14 1a and
1b isoforms in cultured Purkinje cells leads to a reduction in
resurgent current, in a manner consistent with a stabilization of
classical inactivation; the changes could be restored by expres-
sion of FGF14-1b alone (Yan et al., 2014). The putative blocking
sequence, however, exists only in the alternatively spliced
N-terminus of the 1a isoform, raising the possibility that the two
isoforms together exert multiple effects on the channel. There-
fore, to explore further the mechanisms by which FGF14 mod-
ulates resurgent current, we recorded TTX-sensitive Na
currents from Purkinje cells of FGF14 KO (FGF14/~) mice, which
lack both isoforms of the protein (Wang et al., 2002; see Mate-
rials and methods). Fig. 4 A shows example transient and re-
surgent current traces recorded in 5 nM TTX from FGF14~/~ and
WT littermates. The voltage dependence of transient Na current
activation and inactivation were statistically unchanged in the
KO mice (Fig. 4 B; WT vs. FGF14/; n = 9, 9; Vi, activation:
-38.0 £ 1.6 vs. -40.3 + 2.1 mV, P = 0.5; V;, inactivation: -59 + 1.3
vs. -61.4 + 1.3 mV, P = 0.2; k activation: 6.0 + 0.7 vs. 5.2 + 0.5 mV,
P = 0.37; k inactivation: 5.8 + 0.16 vs. 5.9 + 0.1 mV, P = 0.8),
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Figure 4. Reduction of resurgent current and acceleration of transient current decay with deletion of FGF14 with and without NayB4. (A) Transient
(left) and resurgent (right) Na current from sample WT (black) and FGF14-/~ (red) Purkinje cells (50 mM extracellular Na, 5 nM TTX). Insets, resurgent
component at higher gain. (B) Left, activation and inactivation curves with mean parameters for WT (n = 9) and FGF14~/~ (n = 9). Right, V4, and k values for
activation and inactivation (values in text). (C) Mean resurgent Na current normalized to the peak transient current at =30 mV for WT (black, n = 7), FGF14-/~
(red, n = 7), and double KO (FGF14~/~ and Na,B4~/-) cells (green, n = 8). Error bars show SEM at intervals. (D) Mean transient Na current normalized to peak
transient current at =30 mV for WT (n = 7) and FGF14~/~ (n = 7) cells. Insets, decay T values from double exponential fit of transient current decay (values in
text). *, P < 0.05. (E) Transient currents (left) in response to recovery voltage protocol (inset) for sample WT (black) and FGF14~/~ (red) cells conditioned at
-30 mV for 40 ms (in 0 TTX). Scale bars apply to both traces. Right, mean recovery curves for WT (n = 5) and FGF14~/~ (n = 4) cells. (F) As in E, but for
conditioning step to +30 mV for 5 ms (inset). Summary data from cells conditioned at -30 mV is plotted in light colors for comparison (right). (G) Transient
(left) and resurgent (right) Na current in double KO cells (50 mM extracellular Na, 5 nM TTX). Inset, resurgent component at higher gain. (H) Peak absolute
resurgent current versus voltage (left) and relative resurgent current versus voltage (right) for WT, FGF14-/-, and double KO. Data in B, D, E, F, and H are

mean + SEM.

although both shifted slightly negative as in previous reports
(Yan et al., 2014; Bosch et al., 2015). Absolute resurgent current
amplitude in FGF14~/~ neurons was reduced in amplitude rela-
tive to WT cells (Fig. 4 H, left). The maximum Na conductance
was not significantly reduced in FGF14~/~ cells (WT vs. FGF14~/-;
Gmax: 88 +9.7vs. 772 + 84 nS, P = 0.4), so relative resurgent
currents remained smaller in FGF14~/~ cells (Fig. 4 H, right),
indicating that the cycle of Na channel block and unblock was
indeed altered in the absence of FGF14, although block was not
abolished.

The residual resurgent current, however, retained kinetics
that were indistinguishable from WT (Fig. 4 C; WT vs. FGF14~/,
rise time at -30 mV: 8.0 + 0.7 vs. 7.7 + 0.9 ms, P = 0.8; decay T at
-30 mV: 26.8 + 1.3 vs. 27.6 + 2.9 ms, P = 0.8). These results
suggest that the extent rather than the affinity of channel block
is reduced in the absence of FGF14, which can happen if the
onset of classical inactivation is increased (Khaliq et al., 2003;
Grieco and Raman, 2004). Indeed, the transient current at
-30 mV decayed more rapidly in FGF14~/~ cells than in WT cells
(Fig. 4 D; WT vs. FGF147/-, decay Tg: 0.7 £ 0.03 vs. 0.6 + 0.03
ms, P = 0.02; decay Tgow: 9.3 + 1.0 vs. 6.6 + 0.4 ms, P = 0.03; %
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fast: 90.5 + 1.2 vs. 94 + 0.6%, P = 0.02; Iss: -18.5 + 3.8 vs. -13.5 +
5.1pA, P = 0.4), consistent with a faster decay rate of the current
without FGF14, as previously reported for cultured Purkinje cells
(Yan et al., 2014).

Previous studies have shown that FGFl4-la expression in
heterologous systems leads to a use-dependent cumulative
“long-term” inactivation of Na channels and a slower recovery
from inactivation (Laezza et al., 2009; Dover et al., 2010). The
present results, in contrast, suggest that Na channels inactivated
more stably when FGF14 was absent from Purkinje cells (Fig. 4, B
and D). We therefore directly tested how recovery from inacti-
vation was affected by deletion of FGF14. An initial reference
step from -90 to 0 mV was applied to assess the maximal
transient current amplitude. After a 200-ms interval, sufficient
for full recovery, a conditioning step was applied either to
-30 mV for 40 ms (to favor equilibration into inactivated states)
or to +30 mV for 5 ms (to favor equilibration into blocked states;
Fig. 4, Eand F, WT, FGF14~/~; n = 5 and 4; Raman and Bean, 2001;
Aman and Raman, 2007). Channels then recovered at -70 mV
for variable intervals before a test step to 0 mV was applied.
The percentage recovery was calculated as the test current
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Table 3. Figure 4 electrophysiological measurements segregated by sex
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Measure wWT FGF14-/- Double KO

M (n=2) F(n=38) M (n =1) F(n=38) M (n =5) F(n=3)
Grmax (nS) 46.5 +10.6 98.3 + 85 98.9 745+ 9 442 + 4.4 65.1+9.2
V3> activation (mV) -382£37 -386+19 -33 -412+21 -349+31 -351#35
k activation (mV) 52+19 6.16 + 0.8 5.78 511+ 0.55 6.54 + 0.47 5.44 + 0.38
V1, inactivation (mV) -60 + 16 -589+16 -56.2 -62+124 -62.1+0.77 -615+ 1.2
k inactivation (mV) 5.92 + 0.29 582+ 0.2 5.85 59:01 6.37 + 0.32 5.99 + 0.06
;5 rise (ms) 739 15 811+ 0.87 832 759 + 1 508 + 15 8.87 + 0.62
;55 decay T (ms) 2828 26.5 £ 0.72 14.4 292£27 19.6 + 3.5 278 +17
Relative rsg (%) 3.34 £ 0.77 2,63 +0.17 141 157 + 0.07 137+ 031 125+ 0.26
Itransdecay Teast (ms) 0.75 £ 0.06 0.70 £ 0.04 0.69 0.59 + 0.03 0.85 + 0.15 1.02 + 0.25
lransdecay Teiow (ms) 6.96 + 1.4 9.95+12 6.98 6.51 + 0.41 7.05 + 1.6 752 + 0.74
T recovery (-30 mV; ms) 10.5 + 0.97 111+ 0.55
Maximum recovery (-30 mV; %) 673+ 3.1 523+ 21
Trast Fecovery (+30 mV; ms) 216 + 0.34 228 + 0.3
Tolow recovery (+30 mV; ms) 121+12 124 +15
Maximum recovery (+30 mV; %) 723+28 59.6 + 3.0

normalized to the reference current. At both voltages, the re-
covery rate was comparable in WT and mutants, but the extent
of recovery was lower without FGF14 (conditioning at -30 mV;
WT vs. FGF14~/-, single exponential recovery t,10.5 £ 1vs. 11.1 &
0.6 ms, P = 0.6; maximum recovery, 67.3 + 3.1vs. 52.3 + 2.1%, P =
0.006; conditioning at +30 mV, double exponential recovery
Teast, 2.2 % 0.3 V8. 2.3 + 0.3 ms, P = 0.8; Tgw, 12.1+1.2v5.12.4 £ 1.5
ms, P = 0.9; maximum recovery, 72.3 * 2.8 vs. 59.6 + 3%, P =
0.02). These data suggest that the primary effect of FGF14 in
Purkinje cells is to favor availability of Na channels rather than
to induce their inactivation. They also provide further evidence
that the functional properties of Na channels and their associ-
ated proteins depend on cellular context.

One explanation for the effect of FGF14 deletion on transient
and resurgent current is that FGF14 normally increases resur-
gent current simply by slowing the onset of fast inactivation,
thereby permitting more channels to be blocked. However, be-
cause the decay of the transient current reflects contributions of
both classical inactivation and block (Raman and Bean, 2001;
Aman and Raman, 2007, 2010), an additional, nonexclusive
possibility is that Purkinje cells express multiple blocking pro-
teins with different affinities for the channel. If FGF14-1a were a
slower binding and/or lower-affinity blocker, then in its ab-
sence, the more rapid and/or higher-affinity binding of a re-
maining open-channel blocker, such as NayP4, might account
for the faster transient decay and smaller resurgent current.

To examine this possibility, we crossed the Nayf4~/- mice
with FGF14~/~ mice to create offspring that included mice with a
double KO of both proteins. Resurgent current, however, was
still present in Purkinje cells of double KO mice (Fig. 4 G) and,
when normalized to transient amplitude, had kinetics and rel-
ative amplitude indistinguishable from that of FGF14~/~ mice

White et al.
FGF14 and NayB4 effects on Purkinje Na currents

(Fig. 4, C and H, n = 8). Thus, despite the blocking peptides
present in NayfB4 and FGF14-1a, both of which are part of Pur-
kinje Na channel complexes, Purkinje neurons retain the ability
to generate resurgent current in the absence of both proteins.

Effects of a site-3 toxin on Na currents in FGF14 mutant mice
We reasoned that if the primary effect of FGF14 deletion is to
accelerate fast inactivation, which in turn reduces open-channel
block by the native blocking protein, the magnitude of resurgent
current might be restored by slowing fast inactivation. We
therefore interfered with the outward movement of the DIVS4
voltage sensor with the site-3 toxin anemone toxin II (ATX;
Hanck and Sheets, 2007), which prolongs Na currents and in-
creases resurgent current amplitudes, presumably by favoring
block over inactivation (Bant et al., 2013; Lewis and Raman,
2013). These experiments were done in the absence of TTX.
Fig. 5 A shows the mean transient and resurgent Na current
traces at -30 mV with and without 500 nM ATX from Purkinje
cells of FGF14~/~ mice, double (FGF14~/~ and Nayf4~/~) KO mice,
and their WT littermates (FGF14*/* and either NayP4*/* or
Nayf4*/-). In all three genotypes, ATX slowed decay of the
transient current and increased the peak of the resurgent cur-
rent. Even in the presence of ATX, however, FGF14/~ cells and
double KO cells retained significantly faster transient decay
times and smaller resurgent currents than WT cells (WT,
FGF14-/- double KO; n =7, 6, and 9; transient decay Tgow in ATX:
22.6 +0.7,18.1 £ 1.1, and 17.7 + 0.4 ms; Tukey’s WT vs. FGF14~/~ P
= 0.006, and vs. double KO, P < 0.001), indicating that slowing
classical inactivation was not sufficient to negate the effect of
FGF14 loss.

Plotting the peak current voltage curves for the transient
current indicated that Na channels activated at more negative
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Figure 5. Ability of ATX to increase resurgent and persistent Na currents without reversing effects of FGF14 deletion. (A) Mean transient (left) and
resurgent (right) Na current traces from WT (black, n = 7), FGF14~/~ (red, n = 6), and double KO (green, n = 9) Purkinje cells in the presence (dotted lines) and
absence (solid lines) of 500 nM ATX. Traces are normalized to the peak transient current at =30 mV (50 mM extracellular Na, 0 TTX). (B) Mean peak transient
current-voltage relationships for WT, FGF14-/-, and double KO cells with (dotted lines) and without (solid lines) ATX. Note left-shifted curves without large
changes in peak current near 0 mV. (C) Left, Inactivation curves with mean parameters for WT, FGF14~/~, and double KO cells with and without ATX. Right,
Voltage at which channel availability is 50% for each condition (values in text). (D) Steady-state current (left), resurgent current (middle), and resurgent minus
steady-state current (right), each normalized to transient current at 0 mV, for each condition. * P < 0.05; 1, P < 0.1 (Tukey’s post hoc). Data in B-D are mean =

SEM; n.s., not significant.

voltages in ATX in all three genotypes (Fig. 5 B). Despite the
expected relief of fast inactivation and impeding of domain IV
movement (Campos et al., 2008), ATX shifted the steady-state
inactivation curve negatively in WT neurons, as previously
noted (Fig. 5 C; Bant et al., 2013; Lewis and Raman, 2013). In
contrast, in the mutant cells, in which inactivation curves were
already negatively shifted relative to WT, this effect of ATX was
reduced or absent (Fig. 5 C). Because the inactivation curves
differed in the steady-state availability, which influences the
estimation of the parameter Vi, with Boltzmann fits, we
quantified the half-inactivation value simply as the voltage at
which the test current at 0 mV fell to 50% of the peak availability
(control vs. ATX, paired t tests: WT, -54.7 + 1.0 vs. -57.2 * 1.3
mV, P < 0.001; FGF14~/-, -57.9 + 1.0 vs. -58.6 + 1.2 mV, P = 0.5;
double KO, -58.5 + 1.3 vs. -59.7 + 1.3 mV, P = 0.02). Thus, al-
though ATX is known to increase mean channel open time
(Hanck and Sheets, 2007), it also apparently favors noncon-
ducting states at more negative voltages, in a manner that is
largely occluded by the absence of FGF14.

Application of ATX also differentially affected persistent
current in each genotype. In control solutions, persistent cur-
rent (normalized to peak transient current at 0 mV) was <1%,
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and its magnitude was comparable among genotypes (Fig. 5, A
and D, left; WT, FGF14-/~, double KO: 0.7 + 0.1%, 0.4 + 0.09%,
and 0.6 + 0.02%; Tukey’s WT vs. FGF14~/~ P = 0.5, and vs. double
KO, P = 0.96). ATX greatly enlarged the persistent currents in all
genotypes, but it did so to a much lesser extent in FGF14-lacking
than in WT cells (Fig. 5, A and D, left; WT, FGF14~/-, double KO:
27.7 +1.8%,11.2 + 1.5%, and 11.8 + 1%; Tukey’s WT vs. FGF14~/~ P <
0.001, and vs. double KO, P < 0.001). These results are consistent
with the foot of the availability curve, which is elevated more in
WT cells than in FGF14-lacking cells.

Relative resurgent current tended to be smaller in the
FGF14-/- and double KO cells than in WT cells in ATX-free, TTX-
free solutions, as it was for recordings made in subsaturating
TTX (Fig. 5, A and D, middle; WT, FGF14~/-, double KO: 4.9 +
0.3%, 2.8 + 0.3%, and 3.8 + 0.4%; Tukey’s WT vs. FGF14~/- P =
0.004, and vs. double KO, P = 0.09). Like the persistent current,
the peak current evoked upon repolarization was greatly in-
creased by ATX in all genotypes, but to a lesser extent in the
mutant cells. Consequently, the ATX-modulated resurgent cur-
rent peak in FGF14-lacking cells was only ~60% of that in
WT cells (Fig. 5 D, middle; WT, FGF14~/~, double KO: 52.4 + 2.2%,
30.9 + 2.6%, and 34 + 1%; Tukey’s WT vs. FGF14~/- P < 0.001, and
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Table 4. Figure 5 electrophysiological measurements segregated by sex

JGP

Measure wWT FGF14-/- Double KO

M (n =5) F(n=2) M (n=0) F(n=6) M (n = 0) F(n=9)
lransdecay Tgiow (ms) control 13.7 £ 15 16.4 + 3.1 10.5 + 0.41 113 + 0.42
lransdecay Teiow (Ms) ATX 22+06 241+17 181+11 17.7 £ 0.44
V at 50% (mV) control =55+ 1.1 -541+33 -57.9+1 -585+13
V at 50% (mV) ATX -57.7+11 -56.1+ 4.3 -58.6 + 1.2 -59.7 +12
Relative I ; (%) control 0.8 +0.13 03501 042+ 0.1 0.62 +0.17
Relative I (%) ATX 259 + 1.4 279 + 4.4 11.2+15 1.8 +1
Relative I, (%) control 49 +0.48 5.03 +0.23 279 + 0.31 3.78 £ 0.42
Relative I, (%) ATX 496+ 1.2 59.2 + 47 309 £ 2.6 3391
Lsg-ss (%) control 411+ 0.37 468 + 0.14 237 £0.27 316 + 0.3
lsg-lss (%) ATX 23.8+0.89 27+03 197 +13 221+0.38

vs. double KO, P < 0.001). Notably, however, the WT and FGF14-
lacking resurgent currents seemed to run largely parallel to each
other with no clear distinction in kinetics, as though the dif-
ference was a nearly constant value. Therefore, we subtracted
the persistent current at the end of the voltage step from the
resurgent current peak amplitude and compared the currents
again. With persistent current removed, the difference between
resurgent and steady-state current (I, - I) amplitude of
FGF14~/~ and double KO cells compared with WT was less pro-
nounced, with the ATX-modulated persistent-subtracted resur-
gent current being 80-88% of the amplitude in the WT cells
(Fig. 5 D, right, control solutions, WT, FGF14~/-, double KO: 4.3 +
0.3%, 2.4 + 0.3%, and 3.2 + 0.3%; Tukey’s WT vs. FGF14~/~ P =
0.001, and vs. double KO, P = 0.03; in ATX: 24.7 + 0.9%, 19.6 +
1.3%, and 22.1 + 0.4%; Tukey’s WT vs. FGF14~/~ P = 0.002, and vs.
double KO, P = 0.08). Thus, the dominant effect of ATX seems to
be to increase persistent current, consistent with a prolongation
of channel open time (Hanck and Sheets, 2007). Additionally,
although the time course of current decay is slowed, ATX also
left-shifts the macroscopic inactivation curve. These effects of
ATX are at least partly occluded by loss of FGF14; conversely, the
effects of FGF14 deletion cannot be reversed by interfering with
deployment of the DIV voltage sensor.

Differential TTX sensitivity of transient and resurgent

Na current

We noted that in the ATX-free control records made in the ab-
sence of TTX, the magnitude of relative resurgent current
appeared to be greater than in the recordings made in
subsaturating (5 nM) TTX, raising the possibility that low doses
of TTX might preferentially block a subset of Na channel a
subunits that produced the largest resurgent currents, e.g.,
Nayl1.6 (Raman et al., 1997). We therefore investigated the effects
of subsaturating TTX on Na channel kinetics and resurgent
current by making within-cell comparisons of Na currents re-
corded at 0 and 5 nM TTX in Purkinje cells of WT, Nayp4~/-,
FGF14/~, and double KO cells (in all cases, recordings were re-
peated in 300 nM TTX for subtractions). These recordings were
made in 100 mM extracellular Na to enlarge resurgent current
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preferentially (Afshari et al., 2004). Transient currents averaged
across all cells during a step from -90 to -30 mV from cells of
each genotype in O (solid line) and 5 nM (dashed line) TTX
(Fig. 6 A, left) and mean current-voltage curves (Fig. 6 A, right)
illustrated that, across voltages, 5 nM TTX reduced transient
current for all genotypes to a comparable extent (percentage
reduction of peak transient current at -30 mV in 5 nM TTX: WT,
NayB4~/-, FGF14~/-, double KO; n =9, 9, 9, and 8; 47 + 4%, 44 +
3%, 46 + 3%, and 50 * 4%; one-way ANOVA, P = 0.6). These
results suggested that either the complement of a subunits ex-
pressed is relatively unchanged across genotypes or that all a
subunits have identical TTX sensitivity.

Consistent with previous recordings, decay of the transient
current was faster in FGF14~/~ and double KO cells than in WT
and NayB4~/~ cells, in both the presence and absence of 5 nM
TTX. Within genotypes, however, the transient current decay
also changed in 5 nM TTX, so that the fast component was
prolonged and the slow component was accelerated, consistent
with a decrease of open-channel block (Fig. 6 B, Raman and
Bean, 1997; O vs. 5 nM TTX paired t tests: transient current at
-30 mV decay Tgg: WT 0.6 + 0.02 vs. 0.7 + 0.04 ms, P = 0.003;
NayB4~/~ 0.6 + 0.02 vs. 0.7 + 0.03 ms, P < 0.001; FGF14~/~ 0.5 +
0.02 vs. 0.6 + 0.04 ms, P = 0.05; double KO 0.5 + 0.01 vs. 0.7 +
0.06, P = 0.03; decay Tgow: WT 16.7 + 1.2 vs. 12.9 + 0.8 ms, P =
0.006; NayP4/-19.3 + 1.2 vs. 14.7 + 0.9 ms, P < 0.001; FGF14~/~
14.9 + 1.0 vs. 11.2 + 1.3 ms, P < 0.001; double KO 14.1 + 1.2 vs.
10.4 +1.1ms, P < 0.001; % fast: WT 93.4 + 0.5% vs. 94 + 0.7%, P =
0.8; NayP4~/~94.5 + 0.2% vs. 94.6 + 0.8%, P = 0.9; FGF14~/- 95 =
0.4% vs. 95.3 + 0.8%, P = 0.5; double KO 95 + 0.5% vs. 94.7 + 1.2%,
P = 0.8). Consistent with previous studies linking the slow phase
of decay to the unbinding of the blocker (Raman and Bean, 2001;
Aman and Raman, 2007), the relative resurgent current ampli-
tude was also reduced in all genotypes in the presence of 5 nM
TTX (Fig. 6 C; 0 vs. 5 nM TTX, paired t tests, relative Is at -30
mV: WT 6.1 + 0.9% vs. 3.3  0.2%, P = 0.02; NayB4~/- 5.5 + 0.5%
vs. 3.3 + 0.2%, P < 0.001; FGF14~/~ 4.1 + 0.4% vs. 2.2 + 0.1%, P <
0.001; double KO 4.1 + 0.6% vs. 2.4 + 0.2%, P = 0.002), and this
result was replicated across voltages (Fig. 6 D). Indeed, when the
relative resurgent current in 5 nM TTX was plotted against that
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Figure 6. Preferential contribution of highly TTX-sensitive Na channels to total and FGF14-modulated resurgent current. (A) Left, Mean traces of
transient current at =30 mV for WT (black, n = 9), Na,B4~/~ (blue, n = 9), FGF14~/~ (red, n = 9), and double KO (green, n = 8) cells in the presence (dotted) and
absence (solid) of 5 nM TTX (100 mM extracellular Na). Right, transient current-voltage relationships for each condition (mean + SEM). (B) Mean transient
currents shown in A, normalized to transient current peak at 0 mV. WT and Na,B4~/~ are overlaid (left), and FGF14-/~ and double KO are overlaid (right) for
clarity. (C) Mean resurgent current traces at =30 mV for each condition, normalized to transient current peak at 0 mV. (D) Relative resurgent current versus
voltage for each condition (mean + SEM). Note smaller relative resurgent current in subsaturating TTX. (E) Relative resurgent current peak in 5 nM versus 0
TTX for all cells. Dotted line indicates unity. (F) Proportion of the relative resurgent current at =30 mV blocked by 5 nM TTX versus relative resurgent current in
0 TTX from E. Symbols with error bars indicate mean + SEM (values in text). Dotted lines, linear regression over points from each genotype. (G) Coefficient of
variation of relative resurgent current for data from D in 5 nM TTX versus in 0 TTX (values in text). Dotted line indicates unity.

in 0 TTX for each cell, every point fell below the unity line therefore plotted the proportion of resurgent current eliminated
(Fig. 6 E). by 5 nM TTX against the relative resurgent current in 0 TTX

Asis evident in Fig. 6 E, cells with larger resurgent currentin  for every cell (Fig. 6 F). Linear regression over the points indi-
control conditions tended to be more sensitive to 5 nM TTX. We  cated that data were positively correlated in each of the four
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Table 5. Figure 6 electrophysiological measurements segregated by sex

JGP

Measure wTt Na,p4-/- FGF14-/- Double KO

M(n=2) F(n=7) M(n=5) F(n=4) M(n=6) F(n=3) M(n=4) F(n=4)
ltrans eliminated by TTX (%) 54 £ 0.51 449+ 46 456 +3.7 42 £338 436 + 3.6 513 +22 58351 421+15
Itransdecay Trast (ms) control 0.62+0.04 058+0.02 058+002 063+0.03 053+002 050+0.04 054+0.02 0.53=+0.02
Ieransdecay Trase (ms) TTX 0.88+0.06 067+003 0.73+0.05 0.77+0.03 057+0.02 070+013 0.75+011 0.61+0.05
Iransdecay Tgiow (ms) control 128 £2.2 17.8 £ 11 189+ 12 20 £ 26 158 + 1.4 13104 154 + 11 127 +2
lransdecay Tgiow (ms) TTX 109 +3 134+066 144+096 152:19 126 £+ 1.7 8.45+0.62 10.8z+15 9.94 +17
Fast control (%) 94+ 0.1 933+ 066 945+031 945+038 954:047 942zx07 94.8 + 093 951+ 0.47
Fast TTX (%) 918+ 0.65 947:0.68 942:12 952 +0.83 963+0.64 93313 929 +138 96.4 +13
Relative I, (%) Control 378 +1.2 6.76 + 098 543 +048 557+095 387:051 4607 444 + 096 3.77 £ 0.65
Relative l,s5 (%) TTX 3.08+11 333:+016 353+02 293+036 228:016 214:+024 263+045 223+0.19
Proportion I, eliminated by TTX 0.63+0.01 071+0.03 0.64+0.02 0.68+004 066003 077+0.03 0.75+002 0.64+0.04
CV control 0.43 0.38 0.20 0.34 0.32 0.26 0.43 0.35
CV TTX 0.49 0.13 0.13 0.25 0.17 0.19 0.34 0.17

genotypes, i.e., the larger the resurgent current in a particular
cell, the more sensitive it was to low concentrations of TTX.
Some differences emerged, however, between cells expressing
and lacking FGF14. First, while 5 nM TTX blocked resurgent
current equivalently across genotypes (proportion I,y elimi-
nated: WT, Nayf4~/-, FGF14/-, double KO; 0.70 + 0.03, 0.66 *
0.02, 0.69 £ 0.03, and 0.70 + 0.03; one-way ANOVA, P = 0.8),
the data points for FGF-lacking cells were nevertheless relatively
more clustered on the left side of the graph, although they did
not fall below values in the control distribution. Second, the
correlation coefficient (r) was lower in FGF14-lacking cells (WT
r=0.76, NayB4~/~r = 0.77, FGF14~/~ r = 0.56, double KO r = 0.38),
indicating that low-dose TTX sensitivity was less predictable
from initial resurgent current magnitude in the absence of
FGF14. These observations reinforce the idea that FGF14-lacking
cells had smaller resurgent current amplitudes in control con-
ditions but that the total complement of Na channel a subunits is
similar across genotypes. In other words, the compression of
data points suggests that the a subunits that produced more
resurgent current in WT cells made relatively smaller resurgent
currents without FGF14, while a subunits that made less re-
surgent current in WT cells did not change appreciably. In ad-
dition, low-dose TTX blockade reduced the variance of the
relative resurgent current in all genotypes, as was evident by
plotting the coefficient of variation (CV; the standard deviation
divided by the mean; Fig. 6 G). For all four genotypes, the CV fell
below the unity line (WT 0.44 vs. 0.2; NayB4~/~ 0.25 vs. 0.2];
FGF14~/- 0.29 vs. 0.17; and double KO 0.38 vs. 0.28), suggesting
that a subunits that make relatively large resurgent currents are
relatively selectively blocked.

Together, the data are consistent with the idea that Purkinje
cells normally express multiple channels that differ in their
ability to generate resurgent Na current, e.g., Nayl.6, which is
likely to be more effective, and Nayl.1, which is likely less so
(Raman et al., 1997; Grieco and Raman, 2004; Kalume et al.,
2007). The present data further suggest that these channels
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have a differential sensitivity to TTX, as has been reported for
expressed Na channels (Clare et al., 2000; Rosker et al., 2007;
Lee and Ruben, 2008). Deletion of FGF14 appears to selectively
reduce resurgent current flowing through Na channels with a
higher sensitivity to TTX than other a subunits in Purkinje cells.

Discussion

The present results demonstrate that cerebellar Purkinje cells in
2-3-wk-old mice generate normal transient, persistent, and re-
surgent currents even when the gene encoding the Nayf4 sub-
unit is deleted, or when the residues in the cytoplasmic tail
corresponding to the open-channel blocking B4 peptide are ab-
sent, indicating that alternative blocking proteins must exist.
We find that Purkinje cells express other Na channel-associated
proteins with open-channel blocker-like sequences, including
FGF14-1a. A peptide fragment from FGF14-1a reversibly blocks
Na channels in neurons lacking native open-channel blockers,
generating larger resurgent-like currents than does the P4
peptide. As reported previously, Purkinje cells lacking FGF14
have more rapidly decaying transient currents and smaller re-
surgent currents than WT cells (Yan et al., 2014); KO of Nayf4 in
addition to FGF14 does not further alter Na currents. The ob-
servation that double KOs retain resurgent current rules out the
possibility that these two subunits are the sole open channel
blockers in Purkinje cells, despite the fact that they are both Na
channel-associated subunits with domains capable of mimicking
resurgent current that are highly expressed in Purkinje cells.
Regarding the mechanism of action of FGF14, in both WT and
FGF14-lacking cells, the site-3 toxin ATX prolongs transient
currents and enlarges both resurgent and persistent currents,
consistent with a slowed onset of fast inactivation and increased
channel open time, but is not sufficient to reverse the effects of
the loss of FGF14. In FGF14 mutants, the stabilization of non-
conducting states, which may include blocked as well as in-
activated states, appeared strongest in the subset of Na channels
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that were most sensitive to low concentrations of TTX, which
seem likely to correspond to Nayl.6 subunits.

Evaluating Nayf4 as an open-channel blocking protein
Considerable evidence supports the idea that the biophysical
mechanism of resurgent Na current is a voltage-dependent
open-channel block of the pore-forming subunit by an endoge-
nous blocking protein (Raman and Bean, 2001; Grieco et al.,
2002; Afshari et al., 2004; Grieco and Raman, 2004; Aman and
Raman, 2010), but the identity of the blocking protein has re-
mained elusive. So far, the most likely candidate has been
Nayf4. The original hypothesis was based on the ability of the 4
peptide to reconstitute resurgent current with the appropriate
kinetics in Purkinje cell patches from which block had been
removed and generate resurgent-like current in cells lacking a
native blocker (Grieco et al., 2005). Additionally, the subunit
was known to associate with Na channel a subunits (Yu et al.,
2003), tended to be highly expressed in cells with resurgent
current, and was often localized with Nayl.6, an a subunit re-
peatedly implicated in generating resurgent current (Raman
et al., 1997; Lewis and Raman, 2014). It has been clear, how-
ever, that NayP4 expression alone is insufficient to produce
open-channel block of Na channels: resurgent current cannot be
reconstituted by heterologous expression of Nayf4 with pore-
forming subunits (Chen et al., 2008; Aman et al., 2009; Theile
et al., 2011), suggesting that other proteins or modifications
might be necessary for NayP4 to produce resurgent current,
and/or that other proteins with NayP4-like sequences instead
act as Na channel blockers. Indeed, resurgent current can be
generated by several variations in the B4 peptide sequence,
making the idea of a family of blocking proteins seem plausible
(Lewis and Raman, 2011).

Given the strong expression of Nayf4 in Purkinje cells (Yu
et al., 2003; Buffington and Rasband, 2013), it is nevertheless
striking that isolated Purkinje cell bodies from scn4b deletion
mice retain Na currents that are indistinguishable from controls.
Evidence that the genetic manipulation was successful came
from measurements and sequencing of mRNA. Moreover, Na
currents indistinguishable from control were recorded from the
peptide deletion, in which the NayB4 mutant protein is most
likely still expressed, although its trafficking is uncertain. Be-
cause genetic changes in both mice were constitutive (present
embryonically), however, it remains ambiguous whether NayB4
normally plays a role in somatic Purkinje cell currents that was
obscured by compensatory activity of other proteins or ex-
pression of other genes. Indeed, regulation of gene expression in
response to changes in neuronal activity and in response to
genetic mutations has been widely reported (Turrigiano, 2008;
El-Brolosy and Stainier, 2017; Yap and Greenberg, 2018). Nev-
ertheless, the near-perfect match between currents in the
presence and absence of the NayB4 blocking sequence, relative
to both WT and the FGF14 KO, makes this idea seem somewhat
implausible.

An alternative possibility is that Nay4 works in concert with
one or more other blocking proteins that together produce re-
surgent current in WT Purkinje cells. If so, the other blocker is
not limited to FGFl14-la, given the persistence of resurgent
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current in the double KO mice. Yet another possibility is that
Nay4 is not responsible under any circumstances for producing
resurgent current. Direct evidence to the contrary, however,
comes from experiments showing that resurgent currents were
reduced or abolished with shRNA knockdown of Nayf4 in cer-
ebellar granule cells, where it could be reconstituted with the 4
peptide (Bant and Raman, 2010), genetic deletion of scndb in
medium spiny striatal neurons (Miyazaki et al., 2014), or shRNA
knockdown in DRG cells (Xie et al., 2016); conversely, NayB4
overexpression increased resurgent currents in DRG neurons
(Barbosa et al., 2015). It seems more likely, therefore, that dif-
ferent neurons have distinct blocking proteins. Moreover, since
granule cells and striatal cells have unmyelinated axons with
high Nayf4 expression in axons, and studies of the calyx of Held
nerve terminal also provide good evidence for Nayf4-dependent
resurgent current (Kim et al., 2010; Berret et al., 2016), it is
possible that NayP4 effects may be localized to regions other
than the somata studied here, especially given evidence of high
axonal expression of NayB4 in Purkinje cells (Buffington and
Rasband, 2013). Thus, NayB4 may do little to modulate cur-
rents in WT Purkinje cell bodies. Notably, however, the present
results differ from those reported by Ransdell et al. (2017), in
which NayP4 was deleted using a different genetic approach and
relative resurgent current was decreased but not eliminated.
This discrepancy may be due to distinct compensatory mecha-
nisms following the deletion of the protein using different ap-
proaches, or to different experimental conditions. Nevertheless,
both sets of results suggest that Purkinje resurgent current can
arise from mechanisms other than block by Nayf4.

FGF14 and modulation of Purkinje cell Na currents

Based on identification of key residues involved in generating
resurgent-like current by peptides (Lewis and Raman, 2011), we
found naturally occurring sequences in proteins expressed by
Purkinje cells matching those predicted for a blocking protein.
Most  strikingly, the sequence from FGFl4-la generated
resurgent-like currents even larger than those produced by the
B4 peptide. However, not all peptide fragments that resemble
the B4 peptide sequence can act as open-channel blockers. An
analogous sequence in FGF13-la was unable to do so; this dif-
ference was likely due to one amino acid, and peptides from
Purkinje cell proteins GPR158, FGFR3, and MCTP1 were rela-
tively ineffective. These results indicate that the sequence is not
so promiscuous that any protein with an aromatic ring flanked
by positive charges can produce resurgent-like current.

The molecular characteristics for FGF14-1a make it a plausible
candidate for an open-channel blocker. Intracellular FGF pro-
teins are composed of a core region and alternatively spliced
N-termini, and FGF14 has two distinct isoforms: 1la and 1b
(Munoz-Sanjuan et al., 2000; Wang et al., 2000). The putative
blocking sequence of FGF14 is located on the N-terminus of
FGF14-1a but not 1b. The core region of the FGF14 protein in-
teracts with the Na channel C-terminus (Liu et al., 2001; Laezza
etal,, 2009; Ali et al., 2016; Di Re et al., 2017), which could place
the N-terminal tail of FGF14-1a close to the internal mouth of the
pore. This position appears ideal for the putative blocking se-
quence to enter and bind to a pore-blocking site; indeed, when
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chimeras with the B4 peptide at the end of FGF13-1a were het-
erologously expressed with Nayl.5 subunits, tiny but detectable
resurgent currents were generated (Barbosa et al., 2017). In
addition, phosphorylation by casein kinase II is required for
FGF14 to interact with the Na channel (Hsu et al., 2016), con-
sistent with observations that phosphorylation is required for
expression of resurgent current (Grieco et al., 2002). Together,
these attributes suggest a means by which cells expressing the 1a
isoform might produce resurgent current, while cells expressing
FGF14-1b might relieve inactivation, thus modulating resurgent
current if it is present, but not directly blocking the pore (Yan
et al., 2014).

The FGF14-1a peptide bound Na channels with an apparently
lower affinity than the P4 peptide, since resurgent current
peaked earlier and the transient current had a slower second
component of decay, indicative of the blocker flickering in and
out of the channel more readily before inactivation (Raman and
Bean, 2001; Aman and Raman, 2007, 2010; Lewis and Raman,
2011). One interpretation of the smaller relative resurgent cur-
rent amplitudes and faster transient current decay in FGF14-/~
Purkinje cells, therefore, is that FGF14-la is indeed a natural
blocker, and, when lost, a residual blocking particle binds the Na
channel quickly with a higher affinity and is less readily expelled
from the pore. Although the rise time of resurgent current is not
detectably slowed in the absence of FGF14, the peaks might be
truncated as a consequence of fast-inactivation-dependent
current decay.

An alternative, though not mutually exclusive, interpretation
is that loss of FGF14 simply led to an acceleration and stabili-
zation of classical fast inactivation of Purkinje Na channels. Such
an outcome could arise in two ways. Either FGF14 deletion could
favor inactivation of existing channels and thereby reduce the
probability of open-channel block by an unaffected blocker, or it
could alter trafficking, thereby decreasing the expression of
subunits that are readily susceptible to open-channel block.
Regarding the former possibility, in FGF14~/~ cultured Purkinje
cells, which have reduced resurgent current, reexpression of
FGF14-1b alone is sufficient to restore resurgent current ampli-
tudes as well as transient current decay kinetics almost to con-
trol values (Yan et al., 2014). In the present experiments,
however, application of ATX, which slows deployment of the
domain IV voltage sensor (Hanck and Sheets, 2007), and which
therefore might be expected to overcome effects solely due to a
more rapid onset of fast inactivation, was insufficient to restore
resurgent current to fully WT amplitudes. This observation
could be consistent with a blocking effect of FGF14-1a. ATX and
FGF14, however, interact with distinct sites on the Na channel. It
is therefore possible that their effects are additive, such that
ATX-mediated delay of domain IV movement is enhanced by the
interference of FGF14 with the C-terminus. When FGF14 is de-
leted, therefore, the delay of inactivation induced by ATX may
be reduced.

Regarding the latter possibility, of changing the complement
of expressed a subunits, loss or mutation of FGF14 can indeed
decrease of Nayl.6 surface expression in the cell body and axon
(Shakkottai et al., 2009; Xiao et al., 2013). Because most resur-
gent current in Purkinje cells is carried by Nayl.6 subunits
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(Raman et al., 1997; Khaliq et al., 2003; Levin et al., 2006; Aman
and Raman, 2007), resurgent current could be reduced in
FGF14-/- Purkinje cells owing in part to preferential loss of
Nayl.6 surface expression. Thus, although FGF14-1a emerges as
an appealing alternative candidate as an open-channel blocker,
the extent to which it normally contributes to resurgent current
in Purkinje cells remains ambiguous.

An additional caveat is that the FGF14~/~ mouse used here is
not a complete KO of FGF14 (Wang et al., 2002). Instead, exons
encoding the core region of the protein were deleted and re-
placed by a sequence that encodes B-galactosidase. Exons en-
coding the alternatively spliced N-termini of FGF14-1a and -1b
remain intact, resulting in expression of a protein containing the
N-terminus fused to [-galactosidase. Because the putative
blocking sequence is located on the N-terminus of FGF14-1a, this
sequence is still present in these mice, and the fusion protein is
in fact trafficked to axons (Wang et al., 2002). Normally, how-
ever, FGF14 interacts with the Na channel via its core region
(Lou et al., 2005; Laezza et al., 2007; Goetz et al., 2009; Ali et al.,
2014, 2016; Hsu et al., 2016), and Na currents in this mutant are
indeed modulated differently from those in WT mice, suggesting
a disruption in the FGF14-Nay complex (Bosch et al., 2015).
Therefore, even if the blocking sequence is present in the cell,
the localization of the protein relative to the Na channel is
probably not the same as with the native protein. Nevertheless,
residual action of the mutant protein cannot be excluded.

TTX sensitivity

Relative resurgent current amplitudes were reduced when
subsaturating concentrations of TTX were applied to the Pur-
kinje cells. Comparisons of TTX sensitivity of different a sub-
units vary, possibly depending on expression system, but Nayl.6
has been reported to have a slightly higher sensitivity to low
concentrations of TTX than Nayl.1 or Nayl.2 (Smith et al., 1998;
Clare et al., 2000; Rosker et al., 2007; Lee and Ruben, 2008); at
the developmental stages of the present study, Nayl.l, Nayl.2,
and Nayl.6 are the most commonly expressed Na channel types
in Purkinje cells (Schaller and Caldwell, 2003). Since Navl.6
carries most of the resurgent current in Purkinje cells (Raman
etal., 1997; Levin et al., 2006; Aman and Raman, 2007), a higher
TTX sensitivity of Purkinje Nayl.6 channels could account for
the present observation that low (5 nM) TTX blocked a dispro-
portionate amount of resurgent current. This idea is further
supported by the observation that the CV of relative resurgent
current amplitude decreases in 5 nM TTX, suggesting that the
variety of channel types producing resurgent current is reduced
by the differential block of Navl.6 channels.

Alternative mechanisms for resurgent current

A possibility worth reconsidering is that Na channels produce
resurgent current through a process entirely separate from
open-channel block. If channels recover from fast inactivation
through open states before deactivating, then upon repolariza-
tion from positive potentials, a gradually rising and decaying
inward resurgent-like current would be produced; such current
can be induced by toxins that favor outward positions of voltage
sensors required for channel activation (Schiavon et al., 2006).

Journal of General Physiology
https://doi.org/10.1085/gp.201912390

1315


https://doi.org/10.1085/jgp.201912390

In normal channels, however, such a scenario would require
recovery from fast inactivation at moderately negative poten-
tials (near -30 mV) on the same time scale as the rise of re-
surgent current (near 5 ms). Such rapid recovery seems
unlikely, since Purkinje Na channels take >10 ms to recover
from fast inactivation even at potentials as negative as -90 mV
(Aman and Raman, 2007), and recovery through open states
from inactivation does not seem common in neurons even when
it has been looked for carefully (Kuo and Bean, 1994).

Moreover, evidence for pore block comes from the ob-
servations that the magnitude of resurgent current is dis-
proportionately sensitive to the extracellular concentration of
Na* ions and directly proportional to the driving force on Na*,
to the point that resurgent current does not flow in the out-
ward direction (Afshari et al., 2004; Aman and Raman, 2010).
Thus, inwardly permeating Na ions are required for the re-
covery from the nonconducting state that channels enter upon
depolarization, consistent with displacement of an open-
channel blocker (Tang et al., 1996). In contrast, Na channel
fast inactivation involves both activation of the DIVS4 voltage
sensor and binding of the intracellular DIII-DIV linker to a
binding site on the channel (West et al., 1992; Eaholtz et al.,
1994; Yang and Horn, 1995; Kithn and Greeff, 1999; Capes et al.,
2013; Ahern et al., 2016). While mutagenesis studies suggest
that sites in the pore influence the receptor for the DIII-DIV
linker (McPhee et al., 1994; Wang et al., 2003), recent struc-
tural evidence from cryo-EM studies shows that the linker
binds outside the pore to a region involving the C-terminal
domain of the channel, thus acting as an allosteric modulator
that closes the intracellular helical bundle, leading to channel
closure (Yan et al., 2017; Pan et al., 2018; Shen et al., 2019).
This observation may help account for the role of the
C-terminus in channel inactivation (Motoike et al., 2004). In
addition, given that FGF14 binds to the C-terminus of the Na
channel, it could delay binding of the DIII-DIV linker to its
binding site, resulting in slower inactivation suitable to fa-
cilitate open-channel block by whichever native proteins are
capable of reversible binding in the permeation pathway and
thereby producing resurgent Na current.
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