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Clustering of voltage-gated sodium channels (VGSCs) within the
neuronal axon initial segment (AIS) is critical for efficient action
potential initiation. Although initially inserted into both somatoden-
dritic and axonal membranes, VGSCs are concentrated within the
axon through mechanisms that include preferential axonal targeting
and selective somatodendritic endocytosis. How the endocytic
machinery specifically targets somatic VGSCs is unknown. Here,
using knockdown strategies, we show that noncanonical FGF13
binds directly to VGSCs in hippocampal neurons to limit their
somatodendritic surface expression, although exerting little effect
on VGSCs within the AIS. In contrast, homologous FGF14, which is
highly concentrated in the proximal axon, binds directly to VGSCs to
promote their axonal localization. Single-point mutations in FGF13 or
FGF14 abrogating VGSC interaction in vitro cannot support these
specific functions in neurons. Thus, our data show how the concerted
actions of FGF13 and FGF14 regulate the polarized localization of
VGSCs that supports efficient action potential initiation.
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The voltage-gated sodium channel (VGSC) family has nine
well-characterized isoforms (NaV1.1–NaV1.9) in mammalian

cells (1). In most primary neurons, efficient action potential
initiation depends on the clustering of VGSCs at the axon initial
segment (AIS) (2–4). VGSC density within the AIS is ∼10- to 80-
fold higher than in the somatodendritic compartment (5, 6), even
though VGSCs are initially inserted into both somatodendritic
and axonal membranes (7). Several mechanisms contribute to
VGSC concentration in the AIS. Work in hippocampal neurons
with reporter constructs of NaV1.2 domains showed that most
VGSCs that are trafficked to the somatodendritic plasma mem-
brane are endocytosed (8, 9). Additionally, those VGSCs traf-
ficked to the AIS are trapped there via association with the
cortical cytoskeleton (3, 4, 10, 11). The cytoplasmic II-III linker
within the pore-forming α-subunit of VGSCs contains a binding
motif for the cytoskeletal scaffolding molecule ankyrin-G, and
thereby serves as a critical determinant for localization within the
AIS (10–12). Even though the ankyrin-G binding site in VGSCs
is highly conserved between different VGSCs (13), their sub-
cellular localization is not identical (6). This observation raises
the question of whether there are additional regulators for the
subcellular localization of VGSCs. Importantly, are there factors
specific to somatic VGSCs that limit their surface expression to
levels much lower than other somatic membrane proteins (e.g.,
somatic KV channels)?
A promising pool from which such regulators may be found is

the set of VGSC auxiliary proteins known to associate with the
pore-forming α-subunit (14). Among the intracellular VGSC regu-
lators are the FGF homologous factors (FHFs), noncanonical
members of the FGF superfamily that are neither secreted nor ap-
pear to function as growth factors (15–18). Rather, the four FHFs
(FGF11–FGF14) each contain a VGSC interaction site within a
homologous FGF-like core domain (19, 20) and exert variable ef-
fects on VGSC functional properties (21–23). The importance of
FHFs is underscored by loss-of-function or dominant negative

mutations in specific FHFs associated with various neurological
disorders, which have been attributed, at least in part, to VGSC
dysfunction. Haploinsufficiency for FGF14 or the expression of a
dominant negative FGF14 mutant causes spinocerebellar ataxia
(SCA27), and Fgf14−/− mice recapitulate many of the phenotypes
observed in patients who have SCA27, including cognitive im-
pairment as well as ataxia (24–27). In neurons isolated from
Fgf14−/− mice, VGSC currents and excitability are both reduced
(23). As for FGF13, it has been implicated in disorders such as
Borjeson–Forssman–Lehmann syndrome, X-linked SCA5, and
epilepsy (28–30). Given their homology within their core VGSC
binding domain (79% identity) and in their ascribed functions, it
is puzzling why these two FHFs differentially contribute to dis-
ease. Although discrepancies in expression patterns throughout
the brain are a likely contributor, other differences may exist to
explain the differential pathological consequences within re-
gions, such as the hippocampus, in which both are present.
Here, we demonstrate that FGF13 limits VGSC cell surface

expression within the somatodendritic compartment and FGF14
increases VGSC surface expression, and consequently affects
localization of VGSCs to the AIS. Consistent with these roles,
FGF14 is concentrated in the AIS, whereas FGF13 is abundant
in the somatodendritic compartment. These effects are likely due
to direct binding of the FHFs to VGSCs because point mutations
that abrogate FHF–VGSC interaction in vitro impair FHF reg-
ulation of VGSCs. Given the high degree of homology between
FGF13 and FGF14, particularly within their VGSC binding do-
mains, these differential effects are unexpected and reveal pre-
viously unappreciated diversity in the FHF family. Thus, the FHFs
are essential VGSC regulators that control not only channel
function but also the processes that localize VGSCs to the AIS,
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in axons while limiting VGSCs in the somatodendritic com-
partment. This axonal concentration is important for efficient
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VGSCs low in the somatodendritic compartment, whereas FGF14
is an important regulator of VGSC localization to the axon.
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while limiting their presence within the somatodendritic
compartment.

Results
FGF13 and FGF14 Are Differentially Localized Within Hippocampal
Neurons. To gain insight into possible regulatory roles for
FGF13 and FGF14, we first examined their neuronal localiza-
tions. Although the localization of FGF14 to the axons of neu-
rons has been well studied (23, 31, 32), the localization of FGF13
in the CNS has not been as extensively detailed. We have pre-
viously used a custom-made FGF13 Ab and FGF13 shRNA to
examine FGF13 function in cardiomyocytes (33, 34). Here, we
validated these tools in hippocampal neurons with immunocy-
tochemistry (Fig. S1A) and Western blotting (Fig. 1A). WT
neurons exhibited robust immunoreactivity in the somatoden-
dritic compartment (Fig. S1A, dashed lines) and axon (Fig. S1A,
arrowheads). The FGF13 signal in the soma could be seen in the
cytoplasm and often in the nucleus. The nuclear localization of
FGF13 is consistent with previous reports that one isoform of
FGF13 has a nuclear localization signal (15). Neurons trans-
fected with the FGF13 shRNA (Fig. S1A, asterisks) display very
little immunoreactivity to the FGF13 Ab compared with neurons
on the same coverslips that are untransfected. Having thus vali-
dated the specificity of our Ab, we observed FGF13 localization
in the hippocampus in brain slices, wherein the FGF13 signal is
prominent in pyramidal neurons (Fig. 1B, Left), a cell population
in which FGF14 is also highly expressed (31, 32). As in cultured
hippocampal neurons, FGF13 localized to axons (Fig. 1B, Mid-
dle, arrowheads) and in the soma, often displaying a prominent
nuclear signal (Fig. 1B, Middle, arrow). An initial clue that these
VGSC regulators may have distinct, nonredundant roles came
from their strikingly dissimilar subcellular distributions within the
same neuron. As expected by its localization to the axons of
cerebellar granule neurons (23) and previous work in hippo-
campal neurons (31, 32), FGF14 was concentrated in the axons
of cultured hippocampal neurons (Fig. 1C, Left). In contrast, the
FGF13 signal was high in the somatodendritic regions of neurons
as well as within the axon (Fig. 1C, Middle). To confirm the
observed patterns for FGF13 and FGF14 detected by immuno-
histochemistry, we analyzed the distribution of GFP-fused iso-
forms of FGF13 and FGF14 expressed in cultured hippocampal
neurons. Each FHF gene generates several transcripts by use of
alternate promoters and alternative splicing of a first exon onto
exons 2–5 (18) (Fig. S1B). Therefore, to choose appropriate
isoforms for this study, we first determined by quantitative RT-
PCR that FGF13S and FGF13VY were the most abundant
FGF13 transcripts and FGF14B was the most abundant FGF14
transcript in cultured hippocampal neurons (Fig. 1D), consistent
with what we previously observed for whole brain (33). Having
defined the appropriate transcripts for analysis, we observed that
the cellular distributions of these three GFP-fused FHFs re-
capitulated what we observed for the endogenous FHFs by im-
munohistochemistry. All these VGSC binding partners were
enriched in the axon (Fig. 1E, white arrowheads), as defined by
the AIS marker ankyrin-G, but both FGF13S-GFP and FGF13VY-
GFP were also abundant in the somatodendritic compartments
(Fig. 1E, dashed lines). FGF13S was highly concentrated in the
nucleus, consistent with the nuclear localization signal found in this
isoform (18), whereas FGF13VY was abundant in the somato-
dendritic compartment. This somatodendritic localization contrasted
with FGF14B-GFP, for which little signal was found in the somato-
dendritic compartment and was, instead, mostly found in the
AIS. Although the axon-restricted localization of FGF14 is
similar to previous observations and consistent with its role in
VGSC regulation, the somatodendritic subcellular distribution
of FGF13 within hippocampal pyramidal neurons suggested
roles for FGF13 regulation of VGSCs beyond direct modulation
of VGSCs in the AIS.

To obtain more detailed analysis of the localization of en-
dogenous FGF13 and FGF14 in cultured hippocampal neurons,
we analyzed their distributions within the axon where both are
found. Using the ankyrin-G–positive region of the axon to define
the AIS, FGF14 was almost entirely localized to the proximal
AIS, whereas FGF13 was present both in the proximal AIS and
more distally (Fig. 2A). A similar pattern of FGF13 and FGF14
distribution relative to ankyrin-G was also seen in immunos-
tained sections of adult hippocampus (Fig. S2). We quantified
the relative difference between the FGF13 and FGF14 signals
along the axons with line scans in cultured neurons double-
labeled for FGF13 and FGF14 and plotted the normalized pixel
intensity against distance from the soma (Fig. 2B). This analysis
showed that FGF13 and FGF14 were both abundant within the

Fig. 1. FGF13 and FGF14 are present in hippocampal neurons but have
distinct subcellular localizations. (A) Immunoblotting for FGF13 in neurons
infected with viruses transducing Scr shRNA (Scr), FGF13 knockdown shRNA
(13KD), or FGF14 knockdown shRNA (14KD). The FGF13 shRNA, but not the
Scr or FGF14 shRNA, eliminates virtually all immunoreactivity to the FGF13
Ab. Various isoforms of FGF13 have different molecular weights, but, no-
tably, all bands are reduced by the FGF13 shRNA targeted to knock down all
isoforms. (B) Immunohistochemistry of FGF13 in hippocampal brain slices
shows abundant expression in pyramidal cell axons (arrowheads) and soma,
often including the nucleus (arrow). (Scale bars: Left, 200 μm; Middle and
Right, 20 μm.) (C) Subcellular localizations of FGF14 and FGF13 differ in
cultured hippocampal neurons. Whereas FGF14 is mostly localized to the AIS
marked by ankyrin-G, FGF13 is widely distributed in both the axon and the
somatodendritic compartment. (D) qPCR of FGF13 and FGF14 isoforms in cul-
tured hippocampal neurons. FGF13S and FGF13VY were the most abundant
FGF13 isoforms, whereas FGF14B was the only FGF14 isoform expressed.
(E) GFP-fused reporter constructs of FGF14B, FGF13S, and FGF13VY expressed
in cultured hippocampal neurons all localized to the axon (white arrowheads),
as marked by ankyrin-G (AnkG), Although FGF14B was axonally restricted,
FGF13S and FGF13VY were both abundant in the somatodendritic compart-
ment. (Scale bar: 10 μm.) The dashed lines demarcate the soma associated with
the axon indicated by arrowheads.

E2666 | www.pnas.org/cgi/doi/10.1073/pnas.1521194113 Pablo et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521194113/-/DCSupplemental/pnas.201521194SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521194113/-/DCSupplemental/pnas.201521194SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521194113/-/DCSupplemental/pnas.201521194SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521194113/-/DCSupplemental/pnas.201521194SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521194113/-/DCSupplemental/pnas.201521194SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521194113/-/DCSupplemental/pnas.201521194SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1521194113


first ∼20 μm of the AIS, but there was relatively more FGF13
than FGF14 beyond 20 μm. Importantly, although the precise
locations of FGF13 and FGF14 immunoreactivity differed be-
tween neurons, this qualitative observation held true for every
neuron examined. Moreover, this pattern was consistent when
the analysis was performed over a range of Ab concentrations
(Fig. 2C), suggesting that this pattern was not due to an artifact
of Ab dilution. Thus, even in the restricted subcellular locale of
the AIS where VGSCs are concentrated, these two homologous
FHFs show distinct patterns.
Structured illumination microscopy (SIM) confirmed that

FGF13 extended more distally than FGF14 within the AIS, and
colocalization analyses also showed that the FGF13 and FGF14

signals displayed limited overlap (Fig. 2 D–F). In contrast, both
FGF13 and FGF14 displayed a relatively high overlap with
ankyrin-G (Fig. 2 D–F). These data suggest different targeting
sites for FGF13 and FGF14 within the AIS, which is remarkable,
given the degree of sequence similarity between these two FHFs,
particularly within their FGF-like core domains that contain
their VGSC binding sites (19, 35, 36). Together, the distinct lo-
calization patterns of FGF13 and FGF14 suggested different
roles for these FHFs within hippocampal neurons.
Because ankyrin-G is a known critical cytoskeletal component

of the AIS, we also asked whether FGF14 and FGF13 axonal
localization depended on ankyrin-G by examining the conse-
quences of ankyrin-G knockdown. As shown in Fig. S3, both
FHFs required ankyrin-G to localize properly to the AIS because
the amount of FHF in the AIS was markedly reduced after
ankyrin-G knockdown. This result is consistent with previous
observations that the loss of ankyrin-G results in a loss of neu-
ronal polarity and the mislocalization of major AIS proteins,
such as VGSCs, neurofascin, and βIV spectrin (3, 37, 38).

Endogenous FHFs Differentially Affect VGSC Localization Within the
AIS. Because VGSC modulation is the most established role for
FHFs, we focused on whether FGF13 and FGF14 differed in
their effects upon regulation of VGSCs within hippocampal py-
ramidal neurons. We used a shRNA-mediated knockdown ap-
proach and first assessed the consequences of FGF13 (13KD) or
FGF14 (14KD) knockdown on VGSC localization. With a mAb
designed to detect all VGSC isoforms (Pan NaV), we visualized
VGSCs in cultured hippocampal neurons after transfection of
shRNA targeting either FGF13 or FGF14. Coexpression of GFP
allowed us to identify neurons transfected with the relevant
shRNAs. The VGSC signal within the AIS was significantly lower
after FGF14 knockdown than after treatment with a scrambled
(Scr) control shRNA (Fig. 3 A–F and J). Ankyrin-G localization
and intensity were unperturbed, however, indicating that FGF14
knockdown affects VGSC localization to the AIS without grossly
affecting critical structural elements of the AIS (Fig. 3K). Similar
to results with FGF14 knockdown, the ankyrin-G signal intensity
was unchanged after FGF13 knockdown (Fig. 3 I and K). In
contrast to FGF14 knockdown, however, silencing FGF13 did not
affect the VGSCs in the AIS (Fig. 3 H and J), suggesting that
major regulation of VGSCs by FGF13 lay outside of the AIS.

Endogenous FGF13 and FGF14 Differentially Regulate the Levels of
Functional VGSCs. We quantified the overall effects of FGF13 or
FGF14 knockdown on VGSC expression by first measuring the
resultant total VGSC protein at the cell surface. Here, we per-
formed knockdown by lentiviral infection (providing more effi-
cient expression to obtain sufficient material for biochemical
analysis) and exposed infected neurons to activated biotin before
cell lysis to label proteins at the cell surface. Surface VGSCs
were then detected by immunoblotting and quantified relative to
total VGSC levels in cell lysate. Actin served as a loading con-
trol, and its relative absence after avidin pull-down also provided
an indicator of effective separation of surface from cytoplasmic
proteins (Fig. 4A). Additionally, when cells were not exposed to
biotin, we detected no VGSC protein after avidin pull-down
(Fig. S4). Under these conditions total VGSC protein remained
unchanged after either FGF13 or FGF14 knockdown. However,
the surface VGSC signal decreased by ∼50% after FGF14 knock-
down, whereas we observed a near doubling in surface VGSCs after
silencing FGF13 (Fig. 4 A and B). The plasma membrane protein
transferrin receptor (TfR), which we have previously reported to
be unaffected by FGF13 knockdown in cardiomyocytes (33, 34),
was statistically unaffected by either FGF13 or FGF14 loss in
hippocampal neurons (Fig. 4A; percentage of change compared
with Scr control: 13KD = 38 ± 23%, P = 0.24; 14KD = 1.6 ±
13%, P = 0.91). However, variability in the data, especially for

Fig. 2. Differential FGF13 and FGF14 localization within the AIS of cultured
hippocampal pyramidal neurons. (A) Immunocytochemistry of endogenous
FGF13 and FGF14. The boxed areas highlight the AIS (identified by ankyrin-G
staining). (Scale bar: 10 μm.) (B) Quantification of FGF13 and FGF14 signal
intensity within the AIS in 19 neurons. Pixel values are normalized to max-
imum pixel values for each dataset (red and blue lines show average, gray
indicates SEM). FGF13 extended further distally than FGF14 within the AIS.
(C) FGF13 immunoreactivity (Left) in the axon plotted as pixel intensity vs.
distance from the soma for Ab dilutions of 1:50, 1:250, 1:500, and 1:1,000;
FGF13 immunoreactivity extends further than FGF14 immunoreactivity
(Right) in the axon for the same range of Ab dilutions. (D) Representative
SIM images of endogenous FGF13 and FGF14 within the AIS membrane
delineated by the AIS marker ankyrin-G. (Scale bar: 1 μm.) (Insets) Area
marked by the dashed white box is enlarged. (E and F) Colocalization
analysis of SIM images. FGF14 (*P = 9.1E-7 compared with colocalization
with ankyrin-G; n = 9) (E) and FGF13 (*P = 0.015 compared with colocali-
zation with ankyrin-G; n = 9) (F) both showed less colocalization with each
other than with ankyrin-G.
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FGF13 knockdown, prevented exclusion of the null hypothesis
implying no effect on TfR. Thus, it is possible that FGF13 has
some effect on TfR levels, although this effect did not seem to be
reproducible. VGSC currents recorded in whole-cell voltage-
clamp recordings demonstrated that the observed opposing
changes in VGSC surface levels after FGF13 or FGF14 knock-
down translated directly into opposing functional changes.
Consistent with the reduction in surface VGSC protein observed
after FGF14 knockdown, VGSC current density was significantly
reduced after FGF14 knockdown compared with treatment with
Scr shRNA (Fig. 4 C and D). In contrast, VGSC current density
increased after FGF13 knockdown (Fig. 4 C and D). Thus, the
effects upon VGSC current density after FGF13 or FGF14
knockdown aligned with the observed amounts of VGSC protein
at the surface membrane. Due to the differences between surface
biotinylation and voltage-clamp recordings, magnitudes of the
observed effects would be expected to vary. However, the rela-
tive increase or reduction in VGSC current density paralleled the

increase or reduction in the amount of VGSC protein at the cell
surface, suggesting that the change in the functional readout
(VGSC current density) after FHF knockdown results from a
change in the amount of VGSC protein at the cell surface. Ad-
ditionally, although the mode of delivery of the shRNA differed
between experiments measuring surface biotinylation (viral in-
fection) and VGSC currents (transfection), the efficacy of FHF
knockdown appeared similar. The decreases in total protein
quantified by Western blot densitometry (73 ± 7% decrease in
13KD-infected cultures: n = 4 independent cultures, P = 0.0001;
78 ± 12% decrease in 14KD-infected cultures: n = 3 in-
dependent cultures, P = 0.01) correlate well with the decreased
expression in individually transfected cells based on immuno-
fluorescence quantification (75 ± 2% decrease for 13KD: con-
trol, n = 6; 13KD, n = 10, P = 0.0058; 79 ± 6% decrease for
14KD: control, n = 6; 14KD, n = 6, P = 6.5E-6).
Having confirmed that FGF13 knockdown increased the total

surface levels of VGSCs (Fig. 4) without affecting the VGSC
signal at the AIS (Fig. 3), we tested the resultant inference that
FGF13 does not affect the function of VGSCs in the AIS. As a
measure of whether this hypothesis might be true, we exploited a
prepulse protocol designed to inactivate axonal VGSCs selec-
tively (39) (Fig. S5; details are provided in Methods), thereby
providing the means to separate uncontrolled axial VGSC cur-
rents from well-controlled VGSC somatic currents. Subtraction
of the total VGSC current after application of the prepulse from
total VGSC currents without a prepulse leaves the axial com-
ponent (Fig. S5A). Applying this approach in FGF13 and FGF14
knockdown neurons provided contrasting results. Consistent with
our hypothesis that FGF13 did not affect axial VGSCs, FGF13
knockdown had no effect on the axial component remaining after
subtraction compared with Scr control, whereas FGF14 decreased
the axial component by >67% (Fig. S5B). This prepulse protocol
was not designed for quantitative assessment of the axial compo-
nent; thus, we used it here simply for comparative purposes. There

Fig. 3. FGF14 knockdown, but not FGF13 knockdown, reduces axonal
VGSCs. (A–I) Immunocytochemistry for VGSCs and ankyrin-G in cultured
hippocampal neurons after transfection with Scr shRNA, 14KD shRNA, or
13KD shRNA. VGSCs were visualized using a pan-VGSC Ab (Pan NaV). GFP
(green in overlay) identified transfected neurons. (J and K) Quantifications
of integrated pixel intensity along line scans down the ankyrin-G–defined
AIS (*P = 0.0011; Scr, n = 11; 13KD, n = 17; 14KD, n = 12; four coverslips
each). Knockdown of FGF14, but not FGF13, reduced the levels of VGSCs in
the AIS. Ankyrin-G levels remained unchanged (not significant by ANOVA,
P > F = 0.26448). a.u., rescaled integrated pixel intensity values.

Fig. 4. FGF13 and FGF14 knockdown differentially affect VGSC membrane
protein and current density. (A) Immunoblots of total levels of VGSCs or TfRs
from lysates (Input, 10 μg) or biotinylated surface proteins after streptavidin
pulldown (Surface, 400 μg) from cultured hippocampal neurons infected
with viruses to transduce either Scr shRNA, 13KD shRNA, or 14KD shRNA.
(B) Quantification of surface VGSCs (13KD, *P = 0.025; 14KD, *P = 0.0096; n = 3
independent cultures, each at 10 DIV) revealed a decrease in membrane
VGSCs upon FGF14 knockdown, whereas FGF13 knockdown increased the
amount of VGSCs at the membrane surface. (C) Exemplar VGSC currents
after transfection of Scr shRNA, 13KD shRNA, or 14KD shRNA. (D) Summa-
rized current–voltage curve (Scr, n = 16; 13KD, n = 18; 14KD, n = 15). FGF14
knockdown reduced VGSC current density, whereas FGF13 knockdown in-
creased it (maximum current density: Scr = −93.65 pA/pF, 13KD = −137.50 pA/pF,
*P = 0.00015; 14KD = −45.52 pA/pF, *P = 7.3E-5).
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is a clear difference between FGF13 knockdown, which increases
total VGSC current density but does not increase the axial
component, and FGF14 knockdown, which decreases both total
VGSC current as well as the axial component. This observation
is strikingly concordant with the results from the immunocyto-
chemical experiments in Fig. 3, and, taken together, they suggest
that FGF13 has limited influence on VGSCs in the axon. It is
unlikely that electrical heterogeneity was a confounding factor in
this analysis because cells were chosen based on their pyramidal
morphology and similar somatic sizes, as measured by capaci-
tance measurements made from the recording pipette in the
soma [in picofarads (pF); Scr = 46.20 ± 4.07, 13KD = 47.50 ±
4.08, 14KD = 45.23 ± 3.99].

FGF13VY Isoform Limits VGSC Current Density. Having established
that FGF13 limits the surface expression of VGSCs predom-
inantly within the somatodendritic compartment in hippocampal
neurons, we sought to determine which FGF13 isoform(s)
participated in this process. Because FGF13S and FGF13VY
isoforms were the most abundant transcripts (Fig. 1D), we tested
whether expression of an shRNA-resistant FGF13S and/or
FGF13VY could “rescue” the effects of FGF13 knockdown (of
all isoforms). In the context of FGF13 knockdown, expression of
FGF13VY, but not FGF13S, restored VGSC current density to
control levels (Fig. 5 A and B) [maximum current density in
picoamperes (pA)/pF, Scr = −97.68 ± 13.35, 13KD = −172.05 ±
18.56, FGF13VY rescue = −74.99 ± 9.56, FGF13S rescue =
−154.26 ± 20.19; Scr vs. FGF13VY rescue not significant (N.S.),
P = 0.36; Scr vs. FGF13S rescue, P = 0.02; 13KD vs. FGF13S
rescue N.S., P = 0.46]. These data suggest that FGF13VY, and
not FGF13S, is responsible for the observed FGF13 regulation of
the VGSC current density and surface protein in hippocampal
neurons. We confirmed that the failure of FGF13S to rescue the
effects of FGF13 knockdown was not due to an inability to express

exogenous FGF13S in mammalian cells (Fig. 1E). The selective
rescue of FGF13 knockdown by expression of shRNA-resistant
FGF13VY also provided evidence that the effects of our FGF13
shRNA are on-target.

FGF14B Increases VGSC Current Density. Although Fgf14 encodes
two transcripts, FGF14A and FGF14B, we did not detect
FGF14A in hippocampal neurons (Fig. 1D). Therefore, we tested
whether expression of an shRNA-insensitive FGF14B provided
rescue of FGF14 knockdown. Indeed, expression of FGF14B
completely restored the FGF14 knockdown-induced reduction in
VGSC current density (maximum current density in picoamperes
per picofarads: Scr = −93.65 ± 6.17, 14KD = −45.52 ± 3.22,
FGF14B rescue = −88.12 ± 7.24; Scr vs. 14KD, P = 7.3E-5; Scr
vs. FGF14B rescue N.S., P = 0.20) (Fig. 5C), providing confir-
mation that our FGF14 shRNA is also on-target.

FGF13 Regulates Somatodendritic VGSC Endocytosis. The increase in
VGSC surface expression (Fig. 4 A and B) and current density
(Fig. 4 C and D) after FGF13 knockdown led us to hypothesize
that FGF13 promoted VGSC endocytosis from the soma. We
tested this idea by analyzing the effects of the dynamin inhibitor
dynasore in the context of FGF13 knockdown. As expected after
inhibition of endocytosis by treatment with dynasore, current
density increased in Scr control neurons (Fig. S6A) (maximum
current density in picoamperes per picofarads: Scr + DMSO =
−70.1 ± 3.6, Scr + dynasore = −107.1 ± 8.7; P = 0.0008). After
FGF13 knockdown however, we did not observe a dynasore-
mediated increase in current density (Fig. S6B) (maximum cur-
rent density in picoamperes per picofarads: 13KD + DMSO =
−168.5 ± 31.9, 13KD + dynasore = −144.2 ± 18.0; P = 0.55),
suggesting endocytosis was already maximally inhibited by
FGF13 knockdown. In FGF14 knockdown neurons, dynasore
treatment did not increase current density, consistent with our

Fig. 5. FGF13VY limits VGSC current density, whereas FGF14B increases it. (A) Exemplar current traces from cultured hippocampal neurons treated with Scr
shRNA, 13KD shRNA, FGF13 shRNA plus shRNA-resistant FGF13VY (FGF13VY rescue), or FGF13 shRNA plus shRNA-resistant WT FGF13S (FGF13S rescue).
(B) Current–voltage relationships for Scr shRNA, 13KD shRNA, FGF13VY, and FGF13S rescue (Scr: n = 16; 13KD, n = 16; FGF13VY rescue, n = 10; FGF13S rescue,
n = 11). FGF13VY is capable of reversing the increase in current density seen upon knockdown of all FGF13 isoforms [maximum current density: Scr = −97.68 ±
13.35 pA/pF, 13KD = −172.05 ± 18.56 pA/pF, FGF13VY rescue = −74.99 ± 9.56 pA/pF; Scr and FGF13VY rescue, not significant (N.S.); P = 0.36]. FGF13S did not
restore the 13KD-mediated increase in current density (maximum current density: Scr = −97.68 ± 13.35 pA/pF, 13KD = −172.05 ± 18.56 pA/pF, FGF13S rescue =
−154.26 ± 20.19 pA/pF; *P = 0.02; 13KD and FGF13S rescue, N.S.; P = 0.46). (C) Current–voltage relationship from cultured hippocampal neurons treated with
FGF14 plus shRNA-resistant WT FGF14 (FGF14BWT rescue, n = 15). These experiments were conducted in conjunction with the experiments from Fig. 4, so the
Scr shRNA and 14KD shRNA current–voltage relationships from Fig. 4 are repeated for comparison. The deficit in current density caused by 14KD could be
rescued by FGF14BWT, indicating that FGF14B promotes VGSC surface expression (maximum current density: Scr = −93.65 ± 6.17 pA/pF, 14KD = −45.52 ± 3.22 pA/pF,
FGF14B rescue = −88.12 ± 7.24 pA/pF; *P = 7.3E-5; Scr and FGF14B rescue, N.S.; P = 0.20).
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hypothesis that FGF14 affects the trafficking of VGSCs to the
membrane (Fig. S6C) (maximum current density in picoamperes
per picofarads: 14KD +DMSO = −69.1 ± 6.1, 14KD + dynasore =
−56.2 ± 9.4; P = 0.24). Knockdown of FGF14 thus deprives the
membrane of sodium channels (as illustrated in Fig. 4) and
renders the inhibition of endocytosis mostly ineffective in in-
creasing membrane VGSCs.

FGF13VY-Dependent and FGF14B-Dependent Effects on VGSCs
Require Direct Binding to VGSCs. Because we had shown in a pre-
vious study in cerebellar Purkinje neurons that a direct in-
teraction between FGF14B and the VGSC C-terminal domain
(CTD) was required for complete FGF14-dependent regulation
(40), we tested whether a direct interaction was also required for
FGF13VY- and FGF14B-dependent regulation of VGSC local-
ization in cultured hippocampal neurons. Based on analysis of a
crystal structure of a complex containing an FHF and VGSC
CTD (FGF13 and NaV1.2 CTD, respectively), we identified a
highly conserved Arg in FHFs (R120 in FGF13VY or R117 in
FGF14B) that inserts into a highly conserved depression on the
VGSC CTD surface (Fig. 6A). We previously showed through
coimmunoprecipitation experiments that mutation of this Arg to
an Ala abrogates the ability of FGF14B to interact with VGSCs
(40). Here, we tested the interaction directly with purified pro-
teins. Isothermal titration calorimetry (ITC) of WT FGF13 and a

VGSC CTD produces a robust binding curve and yields a Kd =
123 ± 2 nM. However, mutation of the relevant Arg to an Ala
leads to a complete loss of binding (Fig. 6B). To validate further
that the R→A mutation removes FGF14 interaction with
VGSCs, we coexpressed either WT or mutant FGF14 and a 6×
His-tagged NaV1.6 CTD in Escherichia coli. Metal affinity
chromatography purification of the 6× His-tagged NaV1.6 CTD
yielded copurification of the WT FGF14B but not of the R→A
mutant (Fig. 6C). We then asked whether direct interaction with
VGSCs was required for rescue of both FGF13VY and FGF14B.
Mutation of R120 in FGF13VY to an Ala (FGF13VYRA) ren-
dered FGF13VY incapable of restoring the FGF13 knockdown-
mediated increase in current density back to control levels
(maximum current density in picoamperes per picofarads:
FGF13VY rescue = −74.99 ± 9.56, FGF13VYR/A rescue =
−260.79 ± 15.12; *P = 6.4E-9) (Fig. 6D). Instead, the recorded
currents were even larger than FGF13 knockdown alone, per-
haps reflecting a dominant negative effect of the noninteracting
FGF13VYRA construct. The shRNA-insensitive R117A mutant
FGF14B (FGF14BRA) also failed to rescue the decrease in
VGSC current density after FGF14 knockdown (maximum cur-
rent density in picoamperes per picofarads: FGF14B rescue =
−88.12 ± 7.24, FGF14BRA rescue = −51.76 ± 4.90; *P = 0.026),
in contrast to the successful rescue with WT FGF14B. These
experiments show that direct binding of FGF13VY and FGF14B,

Fig. 6. FGF13VY and FGF14B directly bind VGSCs to regulate their surface expression. (A) Crystal structure of the NaV1.2 CTD (blue) bound to FGF13 (red). The
critical Arg in FGF13 (equivalent to R120 in FGF13VY and R117 in FGF14) is indicated in yellow, seen in the enlarged image as embedded in a NaV1.2 pocket.
(B) ITC with the recombinant CTD of NaV1.5 (NaV1.5 was used because it is highly similar to NaV1.2 and NaV1.6 and allows for direct comparison with our
previous studies) and FGF13 shows robust binding for the WT FGF13 (Left, Kd = 123 ± 2 nM), but almost complete elimination of binding for the R→A mutant
(Right, Kd cannot be determined). (C) Copurification experiments with recombinant NaV1.6 CTD andWT FGF14 or an R→A mutant (RA). Both FGF14 constructs
express as seen in the supernatant (S), but only the WT copurifies with a His-tagged VGSC CTD upon metal affinity purification (P). Thus, the single-point
mutation is sufficient to abrogate binding. (D) Increase in current density caused by 13KD could not be restored to control levels by shRNA-resistant FGF13VY
R120A (FGF13VYRA rescue, n = 9) showing that FGF13VY requires an interaction with VGSCs to regulate their surface expression (maximum current density:
FGF13VY rescue = −74.99 ± 9.56 pA/pF, FGF13VYR/A rescue = −260.79 ± 15.12 pA/pF; P = 6.4E-9). These experiments were conducted in conjunction with the
experiments from Fig. 5, so the Scr shRNA and 13KD shRNA current–voltage relationships from Fig. 5 are repeated for comparison. The deficit in current
density caused by 14KD could not be rescued by shRNA-resistant FGF14 R117A (FGF14BRA rescue, n = 14), indicating that FGF14 requires direct binding to
VGSCs (maximum current density: FGF14B rescue = −88.12 ± 7.24 pA/pF, FGF14BRA rescue = −51.76 ± 4.90 pA/pF; P = 0.026). These experiments were con-
ducted in conjunction with the experiments from Fig. 4, so the 14KD shRNA current–voltage relationship from Fig. 4 is repeated for comparison.
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as suggested by in vitro experiments, is required to reduce (for
FGF13VY) or increase (for FGF14B) VGSC current density
in neurons.

Discussion
Work with chimeric constructs of CD4 and various NaV1.2 in-
tracellular domains in cultured hippocampal neurons led to a
hypothesis that clustering of VGSCs in the AIS is accomplished
by VGSCs initially inserting into both axonal and somatoden-
dritic domains, followed by preferential endocytosis from the
somatodendritic membrane (8, 9). Our experiments implicate
the VGSC-binding protein FGF13 as a novel regulator of the
process by which VGSCs are selectively endocytosed from the
somatodendritic compartment, thereby fostering the effective
concentration of VGSCs within the AIS. These data fit also with
our observation that a significant fraction of FGF13 localizes to
the somatodendritic compartment. Additionally, the inability of
the FGF13VYRA to rescue the increased current phenotype (Fig.
6) supports a mechanism in which FGF13VY interacts directly
with VGSCs to affect VGSC internalization. In neurons in which
FGF13 is not expressed [e.g., cerebellar granule neurons (41)], a
different FHF (e.g., FGF12) may serve a homologous role.
Moreover, our data provide previously unidentified details

about the molecular mechanisms by which VGSCs are sub-
sequently concentrated at the AIS in hippocampal neurons.
Previous studies have defined specific intracellular domains
within VGSCs that bind directly with the cytoskeletal adaptor
molecule ankyrin-G and promote the concentration of VGSCs in
the AIS (7, 10, 11). The localization of ankyrin-G is not sig-
nificantly changed by either knockdown treatment (Fig. 3 F, I,
and K), suggesting that effects of FHFs are likely affecting VGSC
targeting to the AIS. Among the AIS targeting domains in
VGSCs, the II-III linker appears to have an especially prominent
role (10, 11), yet it alone cannot explain how VGSCs are tar-
geted within the AIS. The critical region of the II-III linker is
conserved among VGSC isoforms (13) even though different
VGSCs have distinct subcellular distributions (6), thus hinting at
additional regulatory mechanisms. Together with our data, these
observations suggest that FGF13 and FGF14 may be compo-
nents of such additional mechanisms. One intriguing hypothesis
is that the VGSC cytoplasmic CTD, identified as a key de-
terminant within VGSCs that promotes VGSC targeting to the
axon (9, 42), acts through its binding to FGF14. Perhaps the
FGF14 interaction with the CTD stabilizes the interaction be-
tween the VGSC II-III intracellular linker and ankyrin-G. An-
other possibility is that direct binding between FGF14 and
VGSCs is required because FGF14 accompanies VGSCs
throughout some portion of their trafficking to the plasma
membrane. Because FGF14 knockdown decreases surface VGSCs
without affecting total levels of VGSCs, the resulting changes in
functional VGSCs are not due to a perturbation of VGSC gene
expression or protein translation. One possibility is that after
FGF14 knockdown, VGSCs are trapped in the endosomal system.
Indeed, FGF14 knockdown decreased VGSC current density as
well as exerting specific effects within the axon (Figs. 3 and 4). In
our relatively young hippocampal cultures, we did not detect sig-
nificant axonal NaV1.6 using immunocytochemistry, which is in
agreement with others (7). Thus, the localization deficit in Fig. 3 is
likely reflective of NaV1.2.
Together, our data provide a mechanism by which FGF13 and

FGF14 operate differently yet cooperatively to promote the high
concentration of VGSCs within the AIS of hippocampal neu-
rons. Their different subcellular distributions (broadly distrib-
uted for FGF13, axonally restricted for FGF14) provide some
basis for their disparate effects on VGSC functions. However,
even in the restricted locale of the AIS, in which both FHFs are
present in overlapping but distinct distributions, our data point
to inherent differences in their modulatory effects on axonal

VGSCs. FGF13 has very limited influence on AIS-localized VGSCs,
which are almost exclusively modulated by FGF14. It seems
unlikely that the absence of a clear FGF13-dependent effect
upon VGSCs within the AIS will be explained by a higher affinity
of VGSC CTDs for FGF14 than FGF13. Although others (35)
and we (36) have previously demonstrated pairwise differences
in affinities between specific VGSC CTDs and distinct FHFs, the
measured affinity between FGF13 and any specific VGSC CTD
is at least as high, if not higher, than between FGF14 and any
specific VGSC CTD.
Because the underlying reasons for the distinct effects of FGF13

and FGF14 within the AIS are unlikely to be explained by dif-
ferences within their conserved VGSC binding sites, the regions
that differ markedly between FGF13 and FGF14, or between
FGF13 isoforms, will be likely targets for future studies examining
the precise bases for this specificity. The FHFs contain a modular
architecture in which the core domain is critical to docking on a
VGSC, and thus highly conserved throughout the family, whereas
the divergent regions may dictate the particular effects that a
specific FHF will then exert on its target.
Although our experiments suggest that the AIS-localized FGF13

does not regulate VGSCs, they do not yet provide insight into
alternative FGF13-dependent functions within the AIS. Perhaps
FGF13 in the AIS serves to regulate other ion channels, consistent
with the relatively low colocalization between FGF13 and FGF14
(Fig. 2) and our observations that FGF13 can affect other ion
channels, such as voltage-gated Ca2+ channels in cardiac myocytes
(34). Another possibility is that the FGF13 within the AIS is in
transition to developing nodes of Ranvier, because FGF13 has
been found concentrated in nodes of Ranvier in dorsal root gan-
glion neurons (43). Nevertheless, the different roles for FGF13
and FGF14 in hippocampal neurons are consistent with the im-
portance of cellular context in determining the actions of any
specific FHF (44), a phenomenon that is also highlighted by the
opposing effects of FGF13 in hippocampal neurons compared
with the heart. Although FGF13 knockdown led to an increase in
surface VGSCs and in VGSC current density in these hippo-
campal neuron experiments, we previously observed that FGF13
knockdown in cardiac myocytes leads to a reduction in surface
VGSCs and in VGSC current density (33, 45).
Finally, our data add to an increased understanding of the

multiple neuronal roles of FHFs and provide insight into the
molecular mechanisms for how mutations in FGF13 or FGF14
contribute to various complex neurological disorders, such as
SCA27, SCAX5, and Borjeson–Forssman–Lehmann syndrome.

Materials and Methods
Primary Hippocampal Culture and Transfection. Primary dissociated hippo-
campal cultures were prepared as described (46), with minor modifications.
Briefly, the hippocampus from P2 male or female Sprague–Dawley rat pups
was dissected on ice, digested with 0.25% trypsin for 20 min at 37 °C with
DMEM (Sigma), and dissociated into single cells by gentle trituration. The
cells were seeded at a density of 2.5–3.0 × 105 cells per coverslip (12 × 12-mm
coverslips) in Neurobasal-A (Sigma) supplemented with 10% (vol/vol) heat-
inactivated FBS onto coverslips previously coated with 50 μg/mL poly-D-lysine
(Sigma) overnight at 4 °C and 25 μg/mL laminin (Sigma) for 2 h at 37 °C. The
cells were maintained in a humidified incubator in 5% CO2 at 37 °C. After
24 h, the medium was replaced with Neurobasal-A supplemented with 2%
B27 (Invitrogen), 1% FBS, 25 μM Urd, and 70 μM 5-fluorodeoxyuridine. After
5 d of in vitro (DIV) culture, the neurons were transiently transfected with
0.2 μg of plasmid DNA per coverslip using Lipofectamine-2000 (Invitrogen)
according to the manufacturer’s instructions. Experiments were carried out
4–7 d after transfection. The shRNA constructs used for either transfections
or infections have been extensively validated and previously reported (33,
34, 40, 47).

Immunohistochemistry. This studywas performed in strict accordancewith the
recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. All of the animals were handled according
to approved Institutional Animal Care and Use Committee (IACUC) of Duke
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University (protocol #A292-13-11). WT mice were anesthetized and trans-
cardially perfused with 4% paraformaldehyde in 0.1 M PBS. Brains were
postfixed in 4% paraformaldehyde/PBS overnight and then equilibrated in
30% sucrose/PBS overnight before obtaining 40-μm sections on a cryostat.
Sections were incubated with primary Abs overnight at 4 °C and with fluo-
rescent-conjugated secondary Abs for 1 h at room temperature. Nuclei were
labeled with Hoechst dye (Sigma) to facilitate anatomical localization of
structures. The images shown here were taken from the dentate gyrus.
Sections were mounted on coverslips, and fluorescent images were captured
on a fluorescence microscope. We used a validated commercially available
FGF14 Ab (32) from NeuroMab (1:500) and a custom-made Ab to FGF13
(1:250) that we previously characterized extensively (33, 34).

Immunocytochemistry and Quantification. Cultured hippocampal cells were
fixed for 20 min with 2% paraformaldehyde, washed three times with PBS,
and then incubated for 30 min in a solution of 5% fish skin gelatin and 0.1%
Triton in PBS. Cells were incubated at room temperature for 2 h in the primary
Ab solution and for 45 min with the secondary Ab solution. Each incubation
was followed by three washes in PBS for 10 min each. Abs were diluted in 5%
fish skin gelatin and 0.1% Triton in PBS. Abs used were NeuroMab mono-
clonal anti-FGF14 (1:500), Sigma monoclonal anti-Pan NaV (1:100), polyclonal
goat anti–ankyrin-G (1:1,000), and rabbit polyclonal anti-FGF13 (1:250). Im-
aging was performed with a Zeiss LSM 510 or 780 confocal microscope using
an oil immersion 40× or 63× objective. All images were collected at a 1,024 ×
1,024-pixel resolution. For quantification using NIH ImageJ software, line
scans down the axon defined the region of interest and the pixel intensity
was extracted. Sliding averages of the pixel values within a 5-μm window
were then normalized to the maximum value and plotted vs. distance from
the soma. AISs were identified as ankyrin-G–positive processes with clear
axon-like morphology. SIM imaging was conducted on a DeltaVision OMX
microscope (GE Health Sciences). All samples were prepared as for confocal
microscopy (described above) with coverslip-grown neurons mounted on
glass slides. Specific oil refractive indices used during the acquisition were
optimized using test samples. Z-stack images were taken with a 60× objec-
tive in three channels (FGF13, FGF14, and ankyrin-G) with three interference
patterns per channel to extract nondiffraction limited spatial information.
Calibration with fluorescent beads showed a resolution of up to 100 μm. All
reconstruction was performed at the DeltaVision OMX workstation using
automated GE proprietary software. We quantified colocalization as the
percent volume [images were reconstructed in 3D space using Imaris soft-
ware (Bitplane)] overlap between all pairwise combinations of immunore-
active signals from FGF13, FGF14, or ankyrin-G. In all image analysis, the
experimenter was blinded to the identity of the confocal channels. Quan-
tification was performed with a range of Ab dilutions for both FGF13 and
FGF14, with nearly identical results.

Biotinylation and Western Blotting. Cultured hippocampal neurons in 60-mm
dishes were infected with lentivirus containing shRNA constructs at 5 DIV.
After 5 d, cells were washed twice with cold PBS and incubated with 1 mg/mL
EZ-Link Sulfo NHS-SS Biotinylation (Pierce) in cold PBS for 30 min. The re-
actions were quenched with 10 mM Gly in PBS for 5 min, and cells were then
lysed. Biotinylated proteins were incubated with NeutrAvidin beads (Pierce)
overnight and then washed three times with lysis buffer (150 mM NaCl,
50 mM Tris, 1% sodium deoxycholate, and 1% Triton) followed by elution in
2× LDS Sample Buffer (Life Technologies) plus 10 mM DTT. The biotinylated
proteins and whole-cell lysate were run on 8–16% Tris·Gly SDS/PAGE and
transferred to PVDF membranes. Primary Abs used were rabbit polyclonal
Pan NaV (1:200), mouse monoclonal anti-TfR (1:1,000; Life Technologies), mouse
monoclonal anti–β-actin (1:5,000; Sigma), and rabbit polyclonal anti-FGF13
(1:200). Blotting for β-actin demonstrated if successful separation between
surface and total protein was achieved. TfR was used as a surface loading
control. For Dynasore experiments, infected hippocampal neurons were treated
for 2 h with either DMSO or 100 μM dynasore before biotinylation.

Electrophysiological Recordings. Whole-cell voltage-clamp recordings were
obtained from cultured hippocampal cells using an Axopatch 200B amplifier
(Axon Instruments, Inc.), with a 5-kHz bandwidth filter. Data were acquired
using a DigiData 1322A (Axon Instruments, Inc.) digitizer and analyzed with
pClamp software, version 10. Patch pipettes with 3–5 MΩ resistances were
filled with internal solution containing 100 mM CsCl, 30 mM CsF, 10 mM
NaCl, 0.5 mM CaCl2, 1 mM MgCl2, 10 mM Hepes, 10 mM EGTA, 4 mM Mg-
ATP, and 0.4 mM Na-GTP (pH 7.3), with CsOH (290–300 mOsm). The bath
solution contained115 mM NaCl, 30 mM tetraethylammonium-Cl, 5 mM
4-aminopyrine, 5 mM Hepes, 10 mM glucose, 0.5 mM CdCl2, and 1 mM BaCl2
(pH 7.3), with NaOH (300–310 mOsm). A brief 5-mV depolarizing step was

used to monitor series resistance, capacitance, and leak current throughout
the experiment. Cells were rejected from analysis if the series resistance
changed by >15%.

Sodium currents were obtained by 40-ms step depolarizations from a
holding potential of −90 to +40 mV. The current amplitude was normalized
to each cell’s capacitance to obtain a measure of current density (picoam-
peres per picofarads). Current density-to-voltage relationships were plotted
(I–V relationship). The prepulse protocol to separate axonal and somatic
currents was performed as described previously (39). A prepulse from the
holding potential of −90 mV to −45 mV for 4 ms was followed by a brief
recovery phase at −55 mV for 0.5 ms. The prepulse serves to inactivate ax-
onal channels selectively, thus turning the axon from an active component
capable of generating uncontrolled spikes into a passive structure. The same
voltage step depolarization protocol (−90 to +40 mV) was then applied.
Channels that were under good voltage control, and thus protected from
inactivation, will remain available for activation. The resulting currents were
then subtracted from currents obtained without the prepulse to isolate the
axial component. Subtraction was done with pClamp software by taking the
onset of the step protocol from −90 to +40 mV as the origin of the currents
either with or without the prepulse. If the currents after the prepulse were
less than 80% of currents obtained without the prepulse, this situation was
taken as an indication of insufficient separation between somatic and axo-
nal VGSCs, and the cell was excluded from analysis. For dynasore experi-
ments, transfected hippocampal neurons were treated for 2 h with either
DMSO or 100 μM dynasore before recording. A lower 25 μM concentration
of dynasore was kept in the perfusion lines to avoid the possibility of
activity-dependent endocytosis.

Molecular Biology. FGF13 and FGF14 constructs used for rescue experiments
were cloned into pCDNA3.1 inwhich a p2A-TdTomato cassette had previously
been cloned to facilitate the identification of transfected neurons. The shRNA
sequences for both molecules were cloned into the pLVTHM plasmid (a gift
from Didier Trono, École Polytechnique Fédérale de Lausanne, Switzer-
land, via Addgene) and have been described previously (33, 47). For
FGF13, the primers used were 5′ CCACGCGTGCACTTACACTCTGTTT-
AATTCAAGAGATTAAACAGAGTGTAAGTGCTTTTTTATCGATGG 3′ and 5′
CCATCGATAAAAAAGCACTTACACTCTGTTTAATCTCTTGAATTAAACAGAGT-
GTAAGTGCACGCGTGG 3′.

For FGF14, the primers used were 5′ CGCGTGGAGGCAAACCAGTCAA-
CAAGTGCATTCAAGAGATGCACTTGTTGACTGGTTTGCCTCCTTTTTTAT 3′ and
5′ CGATAAAAAAGGAGGCAAACCAGTCAACAAGTGCATCTCTTGAATGCACTTG-
TTGACTGGTTTGCCTCCA 3′.

For ankyrin-G knockdown, we adapted a well-established shRNA sequence
(37, 38) for cloning into the pLVTHM plasmid. The primers we used were
5′ CGCGTGCCGTCAGTACCATCTTCTTTCAAGAGAAGAAGATGGTACTGACGGCT-
TTTTTAT 3′ and 5′ CGATAAAAAAGCCGTCAGTACCATCTTCTTCTCTTGAAAGA-
AGATGGTACTGACGGCA 3′.

Mutations to confer shRNA resistance were introduced using the Quik-
Change II XL Site-Directed Mutagenesis Kit (Agilent Technologies) according
to the manufacturer’s instructions. The shRNA resistance mutagenesis pri-
mers used for FGF13 were 5′ CACCAAAGATGAGGACAGTACCTATACCC-
TATTCAAT CTCATCCCTGTGGGTCTG 3′ and 5′ CAGACCCACAGGGATGAG-
ATTGAATAGGGTATAGGTACTGTCCTCATCTTTGGTG 3′. The shRNA resistance
mutagenesis primers used for FGF14 were 5′ GCAATAATGAATGGAGG-
CAAACCAGTCAATAAATGTAAGACCACA 3′ and 5′ TGTGGTCTTACATTTA-
TTGACTGGTTTGCCTCCATTCATTATTGC 3′.

GFP fusion constructs of the FHFs were generated by cloning the appro-
priate isoform into pEGFP-N3. RNA isolation, cDNA synthesis, and quanti-
tative real-time RT-PCR (qPCR) were performed as described previously (33).
Total RNA was isolated from cultured rat hippocampal neurons. Cells were
scraped off dishes and lysed using the RNeasy Plus Mini Kit (Qiagen) fol-
lowing the manufacturer’s instructions. The concentration of total RNA for
each sample was determined by a Nanodrop ND-1000 Spectrophotometer
(Thermo Scientific). RT was performed using the iScript cDNA Synthesis Kit
(Bio-Rad) for synthesis of cDNA according to the manufacturer’s instructions.
qPCR was performed using the iCycler iQ Real-Time PCR Detection System
(Bio-Rad). Each sample was run in triplicate. Three controls aimed at
detecting DNA contamination in the RNA samples or during the RT or qPCR
reactions, as well as the specificity of the primer pairs, were always included:
an RT mixture without reverse transcriptase, an RT mixture including the
enzyme reverse transcriptase but no RNA, and a water-only control (reaction
mixture with water instead of the cDNA template). The data were collected
and analyzed using iCycler Software (Bio-Rad). GAPDH was used as an
internal control. Relative quantification was performed using the com-
parative threshold (CT) method, and FHF isoform abundance is reported
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relative to GAPDH CT values. The primer pairs used were FGF13-S: 5′,
CGAGAAATCCAATGCCTGC and 3′, CACCACCCGAAGACCCACAG; FGF13-U:
5′, GTTAAGGAAGTCATATTCAGAGC and 3′, CACCACCCGAAGACCCACAG;
FGF13-V: 5′, GCTTCTAAGGAGCCTCAGC and 3′, CACCACCCGAAGACCCA-
CAG; FGF13-VY: 5′, GCTTCTAAGGTTCTGGATGAC and 3′, CACCACCCGAA-
GACCCACAG; FGF13-VY/Y: 5′, CACAGAACCCGAAGAGCCTCAG and 3′,
CACCACCCGAAGACCCACAG; FGF14-A: 5′, GAGCAGCCCCAGCAAGAAC and 3′,
GTGGAATTGGTGCTGTCATC; FGF14-B: 5′, CCCAAATCAATGTGGTTTC and 3′,
GTGGAATTGGTGCTGTCATC; and GAPDH: 5′, TGTCAGCAATGCATCCTGCA and
3′, CCGTTCAGCTCTGGGATGAC.

Recombinant Protein Expression and Copurification. Human NaV1.6 CTD
(amino acids 1,766–1,926) was cloned into pET28 (Novagen). Mouse FGF14B
ΔNT (amino acids 70–252) or FHF14B ΔNT R117A was cloned into the MCS2
in pETDuet-1 (Novagen). The plasmids were electroporated into BL-21 (DE3)
cells. Protein expression was induced by 1 mM isopropyl-1-thio-β-D-gal-
actopyranoside (IPTG) for 64 h at 16 °C. The protein was purified by metal
affinity chromatography as previously described (48), with slight changes.
Briefly, cells were harvested, and protein was extracted by means of an
Avestin homogenizer (Emulsiflex-C5) in buffer with 300 mM NaCl, 20 mM
Tris·HCl, and 5 mM imidazole (pH 7.5) with EDTA-free protease inhibitor
mixture (Roche). The lysate was spun down at 38,000 × g for 30 min at 4 °C,
and the resultant supernatant was passed through a preequilibrated cobalt
affinity column, which was then washed extensively. The proteins were eluted
by 300 mM imidazole in the above lysis buffer and visualized via SDS/PAGE.

ITC. ITC was used to quantify binding affinity between purified recombinant
proteins by measuring the change in heat upon binding. Human NaV1.5 CTD

(amino acids 1,773–1,940), human FGF13U, and FGF13UR57A were cloned into
pET28 separately. The proteins were expressed in BL21 E. coli by 1 mM IPTG
induction. The affinity purification was performed with cobalt beads as
described above, followed by size exclusion chromatography with a Superdex
75 10/300 (GE Healthcare Life Sciences). The ITC experiments were performed
with the VP-ITC (MicroCal) at 20 °C. NaV1.5 CTD (30–40 μM) was titrated with
injections of FGF13U or FGF13UR57A mutant (300–413 μM) 28 times. ITC ex-
periments were repeated with different preparations and slightly varying
concentrations at least three times. The binding isotherms were analyzed with
a single-site binding model using the Microcal Origin version 7.0 software
package (Originlab Corporation), yielding binding enthalpy (ΔH), stoichiome-
try (n), entropy (ΔS), and the association constant (Ka).

Statistical Analyses. Results are presented as means ± SEM; statistical sig-
nificance of differences between more than two groups (e.g., Scr, 13KD,
14KD) was assessed using one-way ANOVA, followed by Fisher’s least sig-
nificant difference as a post hoc test (pairwise comparisons between groups
analyzed by ANOVA). Comparisons between two groups were assessed using
the Student’s t test. The cutoff for statistical significance was set at P < 0.05.
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