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Abstract Voltage-gated sodium channels mediate inward

current of action potentials upon membrane depolarization of

excitable cells. The initial transient sodium current is

restricted to milliseconds through three distinct channel-

inactivating and blocking mechanisms. All pore-forming

alpha subunits of sodium channels possess structural ele-

ments mediating fast inactivation upon depolarization and

recovery within milliseconds upon membrane repolarization.

Accessory subunits modulate fast inactivation dynamics, but

these proteins can also limit current by contributing distinct

inactivation and blocking particles. A-type isoforms of

fibroblast growth factor homologous factors (FHFs) bear a

particle that induces long-term channel inactivation, while

sodium channel subunit Navb4 employs a blocking particle

that rapidly dissociates upon membrane repolarization to

generate resurgent current. Despite their different physio-

logical functions, the FHF and Navb4 particles have

similarity in amino acid composition and mechanisms for

docking within sodium channels. The three competing

channel-inactivating and blocking processes functionally

interact to regulate a neuron’s intrinsic excitability.
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Introduction

Action potentials in excitable cells are triggered by the

transient activation of voltage-gated sodium channels upon

membrane depolarization. Within milliseconds, inward

sodium current is arrested by either inactivation or blocking

mechanisms. Current arrest serves to preserve the trans-

membrane sodium gradient and enables a cell to digitize its

electrical output as a temporal profile of action potentials.

Three physically distinct channel processes serve to rapidly

terminate the sodium current: (1) Fast inactivation is a

transition to a dormant channel state from which recovery is

rapid upon negative repolarization of the membrane,

thereby rendering channels quickly available for reactiva-

tion. (2) Long-term inactivation generates a more stable

dormant channel state from which recovery is far slower

upon membrane repolarization, thereby opposing high-

frequency spike generation. (3) Open channel block is a

dormant state from which channels reopen before deacti-

vating or inactivating upon membrane repolarization. The

resurgent sodium current generated upon repolarization

contributes to the subsequent membrane depolarization

cycle and thereby assists in high-frequency spike generation.

Each of these processes employs protein moieties on the

cytoplasmic membrane face and may have related structural

mechanisms despite divergent physiological consequences.

Fast inactivation

The kinetics of fast sodium channel inactivation, its inter-

dependence with channel activation, its essential structural

moieties and the underlying channel conformational changes

have been intensively studied for more than three decades,

and there are many excellent reviews on these subjects [1, 2].

This section updates and summarizes the principles of fast

inactivation for subsequent comparisons to the more recently

described phenomena of long-term inactivation and open

channel block.
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The alpha subunit of nine mammalian voltage-gated

sodium channels (termed Nav1.1 through Nav1.9) bears

four membrane-embedded homologous domains (I–IV),

each consisting of six alpha helical segments (S1–S6),

three cytoplasmic loops connecting the domains, and a

cytoplasmic carboxyl-terminal tail [3] (Fig. 1). The S6

segments of the four domains form the inner surface of the

pore, while the S4 segments bear clusters of basic residues

that constitute the channel’s voltage sensors. At sufficiently

negative membrane potentials, the electric field’s inward

pull on the voltage sensors is mechanically coupled

through molecular hinges in the cytoplasmic S4/S5 linkers

to pinch shut the inner half of the channel pore [4, 5].

Rising voltage allows for activation through outward sen-

sor movement and relief of the pore’s impingement [6].

Fast inactivation of sodium channels is coupled to

voltage-driven conformational changes that lead to channel

opening (Fig. 2a). Three major findings have supported this

conclusion: (1) Channel gating current mostly follows the

time course of channel activation, while the relatively

slower rate inactivation process is not paralleled by a

necessary gating current [7]. (2) Voltage clamp protocols

have shown a link between the voltage dependence of

inactivation and the rate of channel activation [8]. (3) At

weaker depolarization voltages where macroscopic sodium

current onset and inactivation are slower, all single channel

openings, regardless of their onset, are rapidly followed by

inactivation [9, 10]. Under steady state conditions, the

voltage dependence of channel inactivation has a V1/2 that

is 25–45 mV more negative than the V1/2 for activation.

Inactivation at more negative potentials, referred to as

closed-state inactivation, is evidence that rising voltage

effects a sequence of sensor-driven conformational chan-

ges, all or most of which are needed for a channel to reach

the open state, but only a subset of which are needed to

render the channel competent for fast inactivation [11].

Mild proteolytic treatment of a channel’s cytoplasmic face,

application of an antibody directed against a channel’s III/

IV cytoplasmic loop, or amino acid substitutions within

cytoplasmic regions of the channel abolish inactivation

without affecting activation gating [12–14]. These findings

argue that structural elements exposed to the cytoplasm

become accessible or compatible for intramolecular inter-

actions to effect inactivation following voltage-driven

channel conformational changes.

Upon membrane repolarization to negative potentials,

fast inactivated channels recover without passing through

the open conducting state. Such repolarization drives

voltage sensors inward, deactivating the channel and

concommitantly destabilizing the cytoplasmic inactivation

Fig. 1 Topology and interactions of voltage-gated sodium channel

alpha subunit, beta subunit, and FHF. Nav a The alpha subunit of each

sodium channel (Nav1.1–Nav1.9) consists of four pseudo-homolo-

gous domains (D), each bearing six transmembrane helical segments

(S) and partial reentrant loops between S5 and S6 that form the

sodium ion selectivity filter. The S4 segments (blue) have periodic

cationic residues that constitute the voltage sensors, while the S6

segments (red) define the inner walls of the channel beneath the ion

selectivity filter. The channel has cytoplasmic amino (N) and carboxyl

(C) tails, and the four domains are connected by cytoplasmic loops

(not to scale). The small DIII/DIV loop includes a short a-helical

region and the IFM triad required for fast inactivation. The C-tail

critically modulates fast inactivation and is the site for physical

interactions with channel b subunits and FHFs (arrows). Nav b Beta

subunits (Nav2.1–Nav2.4) are single-pass transmembrane proteins

with an extracellular immunoglobulin-like domain and a short

cytoplasmic tail that mediates binding to Nav a. Navb4 bears a

unique motif in its C-tail that serves as a channel-blocking particle

responsible for resurgent current. FHF FHFs (FHF1–FHF4, each with

multiple isoforms bearing different N-termini) are small cytoplasmic

proteins that assume a b-trefoil fold bearing the surface for interaction

with the Nav a C-tail. The A-type isoforms of FHFs have N-terminal

motifs that serve as long-term inactivation particles. Navb4 and

A-type FHF particles terminate transient sodium current by compet-

ing with the Nav a fast inactivation machinery
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state structure. The rate of channel recovery is a function of

the negative membrane potential, but again this reversal of

inactivation is not directly voltage driven, but dependent

upon the rate of sensor-driven deactivation transitions

(Fig. 2a) [11]. These findings are most consistent with a

Markov state model for channel activation, inactivation,

deactivation, and recovery (Fig. 2b) [11, 15]. The exact

number of voltage sensor-driven closed-state transitions

from fully deactivated to open state is unknown, but

computational models typically employ several closed-

state transitions to the open state (C1–C5, O) and accom-

panying fast inactivation states (I1–I6) to achieve kinetic

Fig. 2 Sodium channel gating. a Schematic flow diagram of fast

sodium channel dynamics. Voltage-driven conformation transitions

(thick arrow) lead to channel activation upon depolarization (right-
ward, unfilled) and deactivation at more negative membrane potential

(leftward, solid). Activating transitions enable intrinsic fast inactiva-

tion (downward arrows) from closed or open states, from which

channels recover upon sufficient deactivating transitions. A-type

FHFs enable alternative long-term inactivation (upward arrows) from

near-open or open states. Navb4 mediates channel block (diagonal
arrow) at positive membrane potential, and expulsion of the blocking

particle as membrane potential trends negative channels generates

transient resurgent current. b Markov state modeling of activation,

inactivation, and block. Voltage-driven channel transitions are along

the horizontal axis, while voltage-independent transitions are shown

on orthogonal axes. For voltage-independent transitions, relative sizes

of arrowheads indicate favored direction of transition. Black Depo-

larizing membrane potential drives channels through closed states

(C) towards an open conducting state (O), with concomitant

increasing rates for transition to inactivated states (I) [11]. Sufficiently

strong depolarization thereby generates transient sodium current

before inactivation. Upon return to more negative potentials, inacti-

vated channels deactivate (I6 ? I5 ? etc.) before recovering from

inactivation (I ? C), so that channels do not conduct as they reset.

Red A-type FHFs mediate an alternative competing mechanism for

transitions to long-term inactivated states (L) [45]. Upon return to

more negative potentials, deactivation rates (L6 ? L5 ? etc.) are far

slower than following fast inactivation, increasing the time until

channels are again available. Green Positive membrane potentials

approaching the Na? reversal potential limits sodium flux through

open channels, generating a permissive state (Op) for block by Navb4

(OpB). Subsequent return to negative potentials allows inward

sodium permeation (OB), causing expulsion of the blocking particle

(OB ? O) and consequent resurgent current [15, 68]. Blue Addi-

tional states added to reflect the ability of open channels to transit to

any of the three non-conducting states (Ip6, Lp6, OpB)
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behavior comparable to empirical data (Fig. 2b) [15, 16].

Although not shown in the figure, there is evidence sup-

porting at least two open-channel states that differ by a late

movement of the domain IV voltage sensor with concom-

itant effect on the channel cytoplasmic face, thereby

increasing the rate of fast inactivation [17, 18].

The highly conserved hydrophobic isoleucine-pheny-

lalanine-methionine triad in the short III/IV loop of all

sodium channel alpha subunits is an essential component

of the fast inactivation mechanism [14]. Mutation of the

central phenylalanine (F ? Q) severely impairs inactiva-

tion, and full ablation of the triad (IFM ? QQQ)

abolishes inactivation altogether. The solution structure of

the III/IV loop reveals that the IFM triad forms a

hydrophobic cap atop a 10–12 residue alpha helical seg-

ment [19–21]. This III/IV epitope has sometimes been

referred to as a tethered particle, plug, or lid that docks at

the pore’s cytoplasmic face to achieve fast inactivation.

The central argument for this model came from experi-

ments in which inactivation-defective IFM triad-mutated

channel was treated with short synthetic peptides con-

taining the IFM sequence and flanked by basic residues

(e.g., the pentapeptide KIFMK) [22]. Upon depolariza-

tion, these peptides restricted the duration of sodium

currents, similar to fast inactivation. However, evidence is

scant that these peptides were structurally recapitulating

fast inactivation. The IFM peptides were not reported to

induce closed-state inactivation at more negative voltages,

and recovery of some channels from the peptide-mediated

nonconducting state was slow. Rather than recapitulating

fast inactivation, these peptides induced the distinct phe-

nomena of open channel block and use-dependent long-

term inactivation [22–25] and may have been mimicking

the actions of FHF and channel beta subunit moieties

(discussed in sections below).

Several clinical disorders result from sodium channel

mutations that impair fast inactivation. Among disease-

associated mutations affecting inactivation, childhood

epilepsy-associated Nav1.1 mutations [26, 27], a skeletal

myotonia-associated Nav1.4 mutation [28], and cardiac

long QT syndrome-associated Nav1.5 mutations [29, 30]

generate amino acid substitutions in the channel alpha

subunit C-terminal domains. Some of these mutations

render the inactivation state unstable resulting in elevated

persistent sodium current upon depolarization, while other

C-terminal domain mutations alter the voltage dependence

of fast inactivation. The role of the C-terminal domain in

inactivation is also supported by studies on chimeric

sodium channels; C-terminal domain exchanges between

pairs of alpha subunit isoforms alter voltage dependence of

inactivation without affecting activation [31]. Documented

physical interaction between the C-terminal domain and

the III/IV loop of cardiac Nav1.5 may help explain the

necessary roles of these regions in generating the fast

inactivation state [32].

There are also compelling findings to support a physical

interaction between the III/IV loop’s IFM motif and the

channel’s III–S4/S5 cytoplasmic hinge region. Whereas an

F?D mutation in the III/IV IFM triad of Nav1.2 almost

fully ablates inactivation, the additional mutation of a III–

S4/S5 hinge hydrophobic linker residue to lysine appre-

ciably restores both open-state and closed-state fast

inactivation [33]. These data argue that fast inactivation is

driven by III/IV loop and III–S4/S5 linker hydrophobic

interaction that can be functionally replaced by electro-

static interactions enabled by complementary charged polar

residue substitutions. The role of an S4/S5 hinge [4]

further suggests that fast inactivation may entail molecular

interactions that suppress the electromechanical cou-

pling between voltage sensor movement and inner pore

widening.

The voltage dependence of sodium channel fast inacti-

vation can be altered by accessory proteins that bind to the

C-terminal domain of the alpha subunit [26, 34–36]. Navb1

interactions with cardiac, skeletal muscle, or neuronal

channel alpha subunits cause voltage dependence of fast

inactivation to undergo hyperpolarizing shifts [26, 29, 37–

39], while many fibroblast growth factor homologous fac-

tors (FHFs) induce depolarizing shifts in inactivation [40–

45]. The physical mechanisms through which accessory

proteins alter the voltage dependence of channel inactiva-

tion without concomitantly affecting activation have not

been reported.

FHF-mediated long-term inactivation

FHFs (also referred to as intracellular fibroblast growth

factors) are small cytoplasmic proteins bearing b-trefoil

structural cores and N-terminal effector domains [46, 47].

There are four FHF genes in mammals, and further family

diversity is achieved through use of alternative transcrip-

tional promoters and first coding exons to generate FHF

variants with different N-terminal sequences. The b-trefoil

core (Fig. 1) provides a surface for 1:1 stoichiometric

binding to the membrane-proximal portion of the sodium

channel alpha subunit C-terminal domain, and the strong

sequence conservation of the recognition surfaces allows

all FHFs to interact with most, if not all, sodium channels

[48]. One function of FHF binding is to raise the voltage

dependence of channel fast inactivation and, consequently,

to slow the rate of inactivation at specific voltages, the

degree to which varies among FHF and channel isoforms

[40–45].

A-type variants of FHFs (FHF1A, FHF2A, FHF4A) also

induce sodium channel long-term inactivation [42, 44, 45].
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Transition to the long-term inactivated state occurs within

milliseconds following membrane depolarization, but

recovery upon repolarization may be 100-fold slower than

is required for recovery from fast inactivation. In contrast

to fast inactivation, long-term inactivation has a higher

voltage threshold closer to the V1/2 of channel activation

(Fig. 2a) [45]. FHF-mediated long-term inactivation has

been best described for Nav1.6, but other sodium channels

including cardiac Nav1.5 are susceptible to this phenom-

enon as well [45]. Long-term inactivation is a process

distinct from slow inactivation, which by contrast requires

depolarization lasting on the order of seconds to affect a

substantial percentage of channels [2].

A-type FHF-mediated Nav1.6 long-term inactivation is

inhibited by prior fast inactivation [45]. Following brief

depolarization sufficient to activate channels, the stochastic

competing inactivation mechanisms drive a fraction of

channels into long-term inactivation. Restoring strong

negative membrane potential allows only fast-inactivated

channels to recover over a 10–50 ms time range, after

which another brief depolarization cycle again drives a

fraction of available channels into long-term inactivation.

Hence, channel availability decreases for each depolariza-

tion cycle if the inter-cycle negative potential intervals are

not long enough to allow for recovery from long-term

inactivation [42, 45]. Disabling or destabilizing Nav1.6 fast

inactivation by III/IV loop IFM triad mutation [14] or by

III–S4/S5 hinge mutation [33] dramatically increases the

fraction of channels that can be driven into long-term

inactivation by a single depolarization cycle [45]. We can

approximate the behavior of a sodium channel in the

presence of A-type FHF by employing a Markov model

that adds long-term inactivated states (L3–L6) reached

from closed or open states as alternatives to fast inactiva-

tion transitions (Fig. 2B).

N-terminal residues of A-type FHFs are highly con-

served among FHF family members and are required for

induction of channel long-term inactivation. In FHF2A,

hydrophobic residues at Ile-5, Leu-9, and Ile-10 along

with basic residues clustered within positions 13–21 are

required for long-term inactivation [45]. The positioning of

these essential residues had suggested that an A-type

FHF’s N-terminus serves as an inactivation particle teth-

ered to the complex of FHF core and sodium channel

C-terminal domain. In support of this premise, Nav1.6

could undergo long-term inactivation in the absence of

FHF if high concentrations of a 20-mer peptide corre-

sponding to FHF2A’s N-terminus were injected into cells

through a patch pipette. Long-term channel inactivation

mediated by FHF peptide showed the same voltage

dependence, induction kinetics, recovery rate, and com-

petition with fast inactivation as was observed for native

A-type FHF protein [45].

Where does the long-term inactivation particle dock on

the sodium channel, and how does this interaction block

sodium current? Similarities between FHF-mediated long-

term inactivation and the actions of small pharmaceutical

compounds offer possible clues to the FHF mechanism.

Aminoamide anesthetic/antiarrhythmic compounds (such

as lidocaine, bupivacaine, and procainamide) bind to

sodium channels on the cytoplasmic side of the ion selec-

tivity filter [49]. Essential to their function are an aromatic

moiety and a secondary or tertiary amine that binds to the

channel pore, along with protonation of the amine that

creates a cation permeation barrier [50, 51]. High-affinity

targeting of these compounds to channels requires depo-

larization to generate open and open/inactivated states that

expose the compound’s docking site within the pore [52]. A

phenylalanine residue in the middle of the pore’s IV–S6

helix situated between the selectivity filter externally and

the fast inactivation machinery cytoplasmically is an

essential residue for the binding of these anesthetic/antiar-

rhythmic compounds [53–55]. FHF long-term inactivation

also requires strong depolarization to drive the sodium

channel’s conformation near to or into the open state, and

the long-term inactivation particle bears essential hydro-

phobic and positively charged residues [45]. Furthermore,

the channel’s IV–S6 phenylalanine (Nav1.6 F1752) is

among several pore-lining hydrophobic residues required

for efficient FHF-mediated long-term inactivation (S. Zhao

and M. Goldfarb, unpublished data). These findings suggest

that sodium channel conformational changes driven by

steep depolarization expose the site deep within the chan-

nel’s cytoplasmic face for docking of the FHF particle, with

one or more of the particle’s cationic residues then

imparting a sodium permeation barrier. Unlike the small

aminoamide compounds, the FHF inactivation particle’s

action is prevented by fast inactivation, which may close

off access of the bulky FHF particle to its docking site

deeper in the channel [56], while small aminoamide com-

pound binding to channels is stabilized by fast inactivation

[57–59]. Additional channel and FHF mutagenesis studies

will be required to validate mechanistic similarity between

anesthetic block and long-term inactivation.

Small pentapeptides containing the channel III–IV

loop’s IFM triad that were designed to mimic an intrinsic

fast inactivation particle may have actually been affecting

sodium channels through a mechanism more akin to FHF-

mediated long-term inactivation. First, inactivation medi-

ated by KIFMK peptide showed slow recovery upon

repolarization similar to A-type FHF peptide, so that a

10 Hz train of 5 ms strong depolarizations yielded pro-

gressively decreasing peak currents (use dependence) [22,

25]. Second, sodium channel inactivation by KIFMK

peptide had only been documented to occur from the open

state, whereas native fast inactivation can also occur from
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closed states at more negative potentials. Third, inactiva-

tion driven by IFM-containing peptides required adjacent

basic residues that are not native to the IFM region of the

channel III/IV cytoplasmic loop [22, 60], but that are

required native residues in the FHF inactivation particle

[45].

Sodium channel b4-mediated open channel block

and resurgent current

Resurgent sodium current is a secondary transient current

generated by some classes of neurons when steep mem-

brane depolarization and channel inactivation is followed

by repolarization, with the most current generated in the

-20 to -50 mV range [61]. Resurgent current is pro-

duced by the same channels that generate the transient

sodium current during initial depolarization [61].

Although the peak macroscopic resurgent conductance is

typically only 5–10% of the initial peak sodium conduc-

tance, the duration of resurgent current is protracted over

tens of milliseconds, such that the overall charge transfer

during resurgence can be up to 30% of that during the

depolarization-induced transient current [61–63]. Single

channel analysis has shown that resurgent channel open-

ings upon voltage shifts from ?30 mV to -30 mV last on

average for a similar interval as initial channel openings

following depolarization from -80 mV to -30 mV, but

the resurgent openings have slow onset with a time

constant of several milliseconds, thereby explaining the

smaller peak and longer duration of the macroscopic

resurgent current [61].

Sodium channels are primed to generate resurgent cur-

rent when steep membrane depolarization allows for a

physical alternative to the fast inactivation mechanism for

terminating the initial transient current. The alternative

process has been termed open channel block, because it

only occurs when channels achieve the open state, as

opposed to fast inactivation that also occurs at more neg-

ative potentials from closed states. Channels in the open

state transit more rapidly to the blocked state than they do

to the fast inactivated state [15, 64], and directly unblock to

the open state upon membrane repolarization to generate

resurgent current before undergoing deactivation or fast

inactivation [15, 61]. For sodium channels to undergo

block, they must not only open, but the membrane voltage

must be high enough to limit inward sodium current flow

(Fig. 2a) [68]. Sodium channel block has been described in

a Markov model that includes a reversible transition

between open (O) and blocked (OB) states [15]. To reflect

more recent findings [68], I have added an intermediate

permissive state (Op) in which open channels are trans-

mitting little inward current (Fig. 2b). O /? Op is not a

structural transition, but is voltage- and [Na?]out/[Na?]in-

dependent, while transition to block (Op ? OpB) is volt-

age-independent, similar to fast and long-term inactivation

transitions.

Resurgent current requires neuronal expression of the

sodium channel b4 subunit (Nav2.4) and is dependent upon

Navb4’s short cytoplasmic tail. Disabling Navb4 function

by RNA interference in cultured cerebellar granule cells

[65] or by treatment of Purkinje cell sodium channel pat-

ches on their inside face with proteases [66] suppresses

channel block and resurgent current, demonstrating that

block is mediated on the channel’s cytoplasmic face. Block

and resurgent current can be restored in these treated cells

or achieved de novo in hippocampal neurons lacking

Navb4 by cytoplasmic exposure to a 14-mer soluble pep-

tide corresponding to a membrane-proximal region of the

Navb4 cytoplasmic tail [65, 67]. This Navb4 blocking

peptide contains hydrophobic and basic residues, and a

‘‘mutant’’ peptide in which two adjacent lysines were

replaced with alanines had no ability to induce channel

block or resurgent current [67]. The basic residues on the

Navb4 blocking particle may serve two purposes, first to

create a cation permeation barrier upon particle docking to

the open channel when the membrane is steeply depolar-

ized, and second to render the particle sensitive to

expulsion upon return to more negative potentials by

repulsive interaction with external sodium ions [68].

The blocking particle is a unique sequence feature of

Navb4, explaining why other channel beta subunits do not

induce resurgent current. Block and resurgent current for

neuronal-, cardiac-, and skeletal muscle-specific sodium

channels can be mimicked by incubation with the KIFMK

pentapeptide [22, 25, 69], presumably because this fast

inactivation III/IV loop-derived peptide and the Navb4

particle share hydrophobic and cationic character.

Sodium channel block and resurgent current in neurons

have been characterized most extensively for Nav1.6,

which is the principal sodium conductance for neurons in

the central nervous system [64, 70, 71]. Other sodium

channels, including Nav1.1, also contribute to the resurgent

current in neurons [72, 73]. Induction of block and resur-

gence by Navb4 peptide administration has also been

demonstrated for Nav1.5 and Nav1.7 [69, 74]. It appears

that a sodium channel’s susceptibility to the Navb4

blocking particle is inversely correlated with the rate of

onset of competing fast inactivation at strongly depolarized

voltage [74, 75], and a sodium channel defective for fast

inactivation could undergo complete block by the Navb4

peptide [69, 74]. Mutation of Nav1.5 at F1760 in the

middle of the pore’s IV–S6 helix renders the channel

insensitive to Navb4 peptide, suggesting that the blocking

particle docks deep within the cytoplasmic cavern of open

sodium channels [69].
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Navb4-mediated channel block and A-type FHF-medi-

ated long-term inactivation have remarkably similar

physical mechanisms despite their disparate physiological

consequences. Both processes are mediated by small

cytoplasmic peptide epitopes (particles) of hydrophobic

and cationic character that engage with the channel when

substantial depolarization has driven the channel near to or

into the open state. In both cases, the mediating particles

appear to dock at similar sites deep within the cytoplasmic

cavern of the channel pore, as supported by their shared

dependence upon a domain IV–S6 phenylalanine side

chain in the cavern and their inhibition by fast inactivation.

The two processes fundamentally differ in the rates of

particle dissociation. Whereas the Navb4 particle dissoci-

ates rapidly upon membrane depolarization to generate a

transient channel open state, the A-type FHF particle dis-

sociates far more slowly. FHF particle dissociation has

been modeled to proceed from closed channel states,

analogous to fast inactivation (Fig. 2), but even if particle

dissociation were to yield a transient open state, a macro-

scopic resurgent current would not be detected, as the slow

particle dissociation rate would prevent summation of

unitary currents from simultaneous channel openings.

Regulation of action potentials by sodium channel

inactivation and block

A neuron’s intrinsic excitability is defined as the relation-

ship between excitatory current input and action potential

frequency output. Excitability is governed by the reper-

toire, abundance, subcellular distribution, and biophysical

properties of voltage- and ligand-gated ion channels along

with the electrotonic properties of a neuron. This section

specifically focuses on the control of sodium channel

inactivation and block as important determinants of

excitability.

Many neurons are tuned to fire at frequencies over a

broad dynamic range. For low frequency firing, minimum

threshold input current induces a slow depolarizing voltage

ramp that fast inactivates most sodium channels from the

closed state, such that firing is largely dependent upon the

persistent ‘‘window’’ sodium current triggered at the volt-

age intersection of steady state inactivation and activation

curves [62, 73]. FHF proteins associated with sodium

channels at axon initial segments of cerebellar granule

neurons promote excitability at low current input by

inducing a depolarizing 12–15 mV shift in the voltage

dependence of channel fast inactivation without a con-

comitant effect on channel activation, thereby ensuring a

small percentage of channel availability at slow voltage

ramps [43]. If sodium channel density in a neuron is suf-

ficiently high, this persistent current may alone drive the

action potential upstroke, as put forth in neuronal compu-

tational models [15, 76]. Alternatively, the persistent

current may provide a small but accelerated depolarizing

voltage ramp capable of triggering more efficient opening

of other sodium channels with different physiological

dynamics or subcellular localization. This proposed two-

step spike initiation model is supported by data on the

differential distribution of sodium channel isoforms within

axon initial segments of many neurons, with Nav1.1

restricted proximally and Nav1.6 residing more distally

[77–79].

High-frequency firing in response to large current inputs

is dependent on both the modulation of sodium channel fast

inactivation’s voltage dependence by FHFs [43, 80] as well

as by Navb4-mediated resurgent current [63–65]. During

high-frequency firing, the large input current (from excit-

atory synapses or through current clamp) counteracts a

spike downstroke’s voltage-gated potassium current to

elevate the voltage of the after hyperpolarization. FHF-

mediated elevation of sodium channel fast inactivation’s

voltage dependence is required to allow sufficient channel

recovery after each action potential to maintain channel

availability throughout the spike train [43]. High-frequency

firing is also promoted by Navb4-induced block of some

sodium channels following activation. Unblocking of

channels during the interspike interval provides a resurgent

current to reduce depolarization time to spike threshold and

also provides additional channel availability when thresh-

old is reached. The degree of channel block during an

action potential is determined by the fraction of sodium

channels in association with Navb4 as well as the spike’s

voltage peak, since the rate of channel block as opposed to

fast inactivation is enhanced by steep membrane depolar-

ization. This voltage dependent dynamic may help explain

why high-frequency firing in cerebellar Purkinje cells with

?40 mV spike amplitudes is more dependent upon Navb4

channel block and resurgency than is firing of cerebellar

granule cells, where spike peaks are in the ?10 to ?20 mV

range [64, 65]. In addition to its role for high-frequency

spike initiation at the axon initial segment, Navb4-medi-

ated resurgent current is also required for faithful high-

frequency spike following at presynaptic axon terminals of

auditory fibers [81].

Biological functions of native A-type FHF-mediated

sodium channel long-term inactivation have not yet been

documented. Injection into neurons of a 20-mer peptide

corresponding to the FHF2A inactivation particle causes

rundown of channel availability through multiple depolar-

ization cycles and thereby prevents sustained high-

frequency spike generation [45]. A-type FHFs are detectable

on axon initial segments following neuronal transfection

with expression vectors [41, 43] and both hippocampal

pyramidal neurons and cerebellar granule neurons display

Voltage-gated sodium channel-associated proteins and alternative mechanisms of inactivation and block 1073

123



endogenous A-type FHFs at their axon initial segments [45,

82], yet these neurons generate sustained spike trains at high

current inputs. A-type FHF function may be limited in these

neurons by their association with only a fraction of the res-

ident sodium channels. The sensitivity of a subset of sodium

channels to long-term inactivation could in turn account for

firing attenuation (reduced spike voltage peaks) or accom-

modation (reduced spike frequency) during continuous

current inputs.

Sodium channels on the dendrites of hippocampal CA1

pyramidal neurons undergo a fast-onset use-dependent

long-term inactivation that prevents backpropagation of

high-frequency spike trains from the soma through the

dendritic arbor [83–86]. Many physiological parameters of

dendritic channel long-term inactivation are indistinguish-

able from FHF-mediated long-term inactivation, including

induction within milliseconds of depolarization, accumu-

lated inactivation through depolarization cycles, recoveries

requiring hundreds of milliseconds at resting potential, and

accelerated recoveries upon membrane hyperpolarization

[45, 85, 86]. A-type FHF immunofluorescence in hippo-

campal neurons is very strong [45], and weak fluorescence

is evident along the dendrite [82], suggesting that A-type

FHFs may be effecting the unusual inactivation dynamics

of dendritic channels.

Summary

While fast inactivation is an intrinsic property of all

vertebrate voltage-gated sodium channels, cytoplasmic

association of channels with FHF and beta subunit accessory

proteins can modulate fast inactivation dynamics and also

establish competing inactivation and blocking mechanisms.

FHF modulation of sodium channel fast inactivation’s

voltage dependence is essential for excitability of cerebellar

granule and Purkinje cells over a broad dynamic range, while

channel long-term inactivation induced by endogenous

A-type FHFs is suspected, though not yet proven, to limit

duration of high-frequency excitation and conduction.

Endogenous Navb4 induction of open channel block and

resurgent sodium current is also required for firing at high

frequencies in several classes of neurons. The effects of

FHFs and Navb4 on excitability are likely to extend well

beyond the cerebellum, as these accessory proteins are

widely, though not uniformly, expressed in neurons

throughout the central nervous system.

A-type FHFs and Navb4 contain membrane-tethered

cytoplasmic inactivation and blocking particles that dock

at potentially overlapping channel receptor sites exposed

by strong membrane depolarization. Upon binding,

these particles may act as positively charged barriers to

sodium permeation in a manner analogous to aminoamide

anesthetic/antiarrhythmic compounds. By contrast, intrin-

sic fast inactivation results from interactions among several

cytoplasmically exposed elements of the channel alpha

subunit, including the III–S4/S5 hinge, the III–IV loop, and

the carboxyl tail. While the IFM triad in the III–IV loop is

essential for fast inactivation, loop-derived peptide ele-

ments may not be capable of physically recapitulating

intrinsic fast inactivation, but rather may mimic the actions

of FHF and Navb4 particles.

Pharmaceutical modulation of voltage-gated sodium

channels has been used therapeutically for the management

of pain disorders, cardiac conduction anomalies, myotonia,

and epilepsy syndromes. Currently employed aminoamide

blockers target sodium channels in the open and inactivated

states, inhibiting both transient and resurgent sodium cur-

rents. A more comprehensive mapping of channel docking

surfaces for A-type FHF and Navb4 particles may enable

design of related small compounds with greater specificity

for different channel states and improved therapeutic

efficacies.

Acknowledgments I am most grateful to Jacopo Magistretti (Uni-

versity of Pavia) for his valuable comments on the manuscript. M.G.

is supported by NIH grants U54-NS040173 and R01-GM098540.

References

1. Goldin AL (2003) Mechanisms of sodium channel inactivation.

Curr Opin Neurobiol 13:284–290

2. Ulbricht W (2005) Sodium channel inactivation: molecular

determinants and modulation. Physiol Rev 85:1271–1301

3. Yu FH, Catterall WA (2003) Overview of the voltage-gated

sodium channel family. Genome Biol 4:207

4. Muroi Y, Arcisio-Miranda M, Chowdhury S, Chanda B (2010)

Molecular determinants of coupling between the domain III

voltage sensor and pore of a sodium channel. Nat Struct Mol Biol

17:230–237

5. Payandeh J, Scheuer T, Zheng N, Catterall WA (2011) The

crystal structure of a voltage-gated sodium channel. Nature

475:353–358

6. Sokolov S, Scheuer T, Catterall WA (2005) Ion permeation

through a voltage-sensitive gating pore in brain sodium channels

having voltage sensor mutations. Neuron 47:183–189

7. Armstrong CM, Bezanilla F (1977) Inactivation of the sodium

channel. II. Gating current experiments. J Gen Physiol 70:567–590

8. Goldman L, Schauf CL (1972) Inactivation of the sodium current

in Myxicola giant axons. Evidence for coupling to the activation

process. J Gen Physiol 59:659–675

9. Aldrich RW, Corey DP, Stevens CF (1983) A reinterpretation of

mammalian sodium channel gating based on single channel

recording. Nature 306:436–441

10. Aldrich RW, Stevens CF (1987) Voltage-dependent gating of

single sodium channels from mammalian neuroblastoma cells.

J Neurosci 7:418–431

11. Kuo CC, Bean BP (1994) Na? channels must deactivate to

recover from inactivation. Neuron 12:819–829

12. Armstrong CM, Bezanilla F, Rojas E (1973) Destruction of

sodium conductance inactivation in squid axons perfused with

pronase. J Gen Physiol 62:375–391

1074 M. Goldfarb

123



13. Vassilev P, Scheuer T, Catterall WA (1988) Identification of an

intracellular peptide segment involved in sodium channel inac-

tivation. Science 241:1658–1661

14. West JW, Patton DE, Scheuer T, Wang Y, Goldin AL, Catterall

WA (1992) A cluster of hydrophobic amino acid residues

required for fast Na? channel inactivation. Proc Natl Acad Sci

USA 89:10905–10909

15. Raman IM, Bean BP (2001) Inactivation and recovery of sodium

currents in cerebellar Purkinje neurons: evidence for two mech-

anisms. Biophys J 80:729–737

16. Kahlig KM, Misra SN, George AL Jr (2006) Impaired inactivation

gate stabilization predicts increased persistent current for an epi-

lepsy-associated SCN1A mutation. J Neurosci 26:10958–10966

17. Chahine M, George AL Jr, Zhou M, Ji S, Sun W, Barchi RL,

Horn R (1994) Sodium channel mutations in paramyotonia con-

genita uncouple inactivation from activation. Neuron 12:281–294

18. Sheets MF, Kyle JW, Kallen RG, Hanck DA (1999) The Na

channel voltage sensor associated with inactivation is localized to

the external charged residues of domain IV, S4. Biophys J

77:747–757

19. Rohl CA, Boeckman FA, Baker C, Scheuer T, Catterall WA,

Klevit RE (1999) Solution structure of the sodium channel

inactivation gate. Biochemistry 38:855–861

20. Kuroda Y, Miyamoto K, Matsumoto M, Maeda Y, Kanaori K,

Otaka A, Fujii N, Nakagawa T (2000) Structural study of the

sodium channel inactivation gate peptide including an isoleucine-

phenylalanine-methionine motif and its analogous peptide

(phenylalanine/glutamine) in trifluoroethanol solutions and SDS

micelles. J Pept Res 56:172–184

21. Miyamoto K, Nakagawa T, Kuroda Y (2001) Solution structure

of the cytoplasmic linker between domain III–S6 and domain IV–

S1 (III–IV linker) of the rat brain sodium channel in SDS

micelles. Biopolymers 59:380–393

22. Eaholtz G, Scheuer T, Catterall WA (1994) Restoration of

inactivation and block of open sodium channels by an inactiva-

tion gate peptide. Neuron 12:1041–1048

23. Eaholtz G, Zagotta WN, Catterall WA (1998) Kinetic analysis of

block of open sodium channels by a peptide containing the iso-

leucine, phenylalanine, and methionine (IFM) motif from the

inactivation gate. J Gen Physiol 111:75–82

24. Peter W, Mitrovic N, Schiebe M, Lehmann-Horn F, Lerche H

(1999) A human muscle Na? channel mutation in the voltage

sensor IV/S4 affects channel block by the pentapeptide KIFMK.

J Physiol 518(Pt 1):13–22

25. Wang SY, Wang GK (2005) Block of inactivation-deficient

cardiac Na(?) channels by acetyl-KIFMK-amide. Biochem

Biophys Res Commun 329:780–788

26. Spampanato J, Kearney JA, de Haan G, McEwen DP, Escayg A,

Aradi I, MacDonald BT, Levin SI, Soltesz I, Benna P, Montalenti

E, Isom LL, Goldin AL, Meisler MH (2004) A novel epilepsy

mutation in the sodium channel SCN1A identifies a cytoplasmic

domain for beta subunit interaction. J Neurosci 24:10022–10034

27. Rhodes TH, Vanoye CG, Ohmori I, Ogiwara I, Yamakawa K,

George AL Jr (2005) Sodium channel dysfunction in intractable

childhood epilepsy with generalized tonic-clonic seizures.

J Physiol 569:433–445

28. Wu FF, Gordon E, Hoffman EP, Cannon SC (2005) A C-terminal

skeletal muscle sodium channel mutation associated with myo-

tonia disrupts fast inactivation. J Physiol 565:371–380

29. An RH, Wang XL, Kerem B, Benhorin J, Medina A, Goldmit M,

Kass RS (1998) Novel LQT-3 mutation affects Na? channel

activity through interactions between alpha- and beta1-subunits.

Circ Res 83:141–146

30. Tateyama M, Liu H, Yang AS, Cormier JW, Kass RS (2004)

Structural effects of an LQT-3 mutation on heart Na? channel

gating. Biophys J 86:1843–1851

31. Mantegazza M, Yu FH, Catterall WA, Scheuer T (2001) Role of

the C-terminal domain in inactivation of brain and cardiac

sodium channels. Proc Natl Acad Sci USA 98:15348–15353

32. Motoike HK, Liu H, Glaaser IW, Yang AS, Tateyama M, Kass

RS (2004) The Na? channel inactivation gate is a molecular

complex: a novel role of the COOH-terminal domain. J Gen

Physiol 123:155–165

33. Smith MR, Goldin AL (1997) Interaction between the sodium

channel inactivation linker and domain III S4–S5. Biophys J

73:1885–1895

34. Liu C, Dib-Hajj SD, Waxman SG (2001) Fibroblast growth factor

homologous factor 1B binds to the C terminus of the tetrodo-

toxin-resistant sodium channel rNav1.9a (NaN). J Biol Chem

276:18925–18933

35. Liu CJ, Dib-Hajj SD, Renganathan M, Cummins TR, Waxman

SG (2003) Modulation of the cardiac sodium channel Nav1.5 by

fibroblast growth factor homologous factor 1B. J Biol Chem

278:1029–1036

36. Meadows L, Malhotra JD, Stetzer A, Isom LL, Ragsdale DS

(2001) The intracellular segment of the sodium channel beta 1

subunit is required for its efficient association with the channel

alpha subunit. J Neurochem 76:1871–1878

37. Wallner M, Weigl L, Meera P, Lotan I (1993) Modulation of the

skeletal muscle sodium channel alpha-subunit by the beta

1-subunit. FEBS Lett 336:535–539

38. Vijayaragavan K, O’Leary ME, Chahine M (2001) Gating

properties of Na(v)1.7 and Na(v)1.8 peripheral nerve sodium

channels. J Neurosci 21:7909–7918

39. Zhao J, O’Leary ME, Chahine M (2011) Regulation of Nav1.6

and Nav1.8 peripheral nerve sodium channels by auxiliary {beta}

subunits. J Neurophysiol

40. Wittmack E, Rush AM, Craner MJ, Goldfarb M, Waxman SG,

Dib-Hajj SD (2004) Fibroblast growth factor homologous factor

2B: association with Nav1.6 and selective colocalization at nodes

of Ranvier of dorsal root axons. J Neurosci 24:6765–6775

41. Lou JY, Laezza F, Gerber BR, Xiao M, Yamada KA, Hartmann

H, Craig AM, Nerbonne JM, Ornitz DM (2005) Fibroblast growth

factor 14 is an intracellular modulator of voltage-gated sodium

channels. J Physiol 569:179–193

42. Rush AM, Wittmack EK, Tyrrell L, Black JA, Dib-Hajj SD,

Waxman SG (2006) Differential modulation of sodium channel

Na(v)1.6 by two members of the fibroblast growth factor

homologous factor 2 subfamily. Eur J Neurosci 23:2551–2562

43. Goldfarb M, Schoorlemmer J, Williams A, Diwakar S, Wang Q,

Huang X, Giza J, Tchetchik D, Kelley K, Vega A, Matthews G,

Rossi P, Ornitz DM, D’Angelo E (2007) Fibroblast growth factor

homologous factors control neuronal excitability through modu-

lation of voltage-gated sodium channels. Neuron 55:449–463

44. Laezza F, Lampert A, Kozel MA, Gerber BR, Rush AM, Ner-

bonne JM, Waxman SG, Dib-Hajj SD, Ornitz DM (2009)

FGF14N-terminal splice variants differentially modulate Nav1.2

and Nav1.6-encoded sodium channels. Mol Cell Neurosci

42:90–101

45. Dover K, Solinas S, D’Angelo E, Goldfarb M (2010) Long-term

inactivation particle for voltage-gated sodium channels. J Physiol

588:3695–3711

46. Goldfarb M (2005) Fibroblast growth factor homologous factors:

evolution, structure, and function. Cytokine Growth Factor Rev

16:215–220

47. Itoh N, Ornitz DM (2011) Fibroblast growth factors: from

molecular evolution to roles in development, metabolism and

disease. J Biochem 149:121–130

48. Goetz R, Dover K, Laezza F, Shtraizent N, Tchetchik D, Huang

X, Eliseenkova AV, Xu C, Neubert TA, Ornitz DM, Goldfarb M,

Mohammadi M (2009) Crystal structure of a fibroblast growth

factor homologous factor (FHF) defines a conserved surface on

Voltage-gated sodium channel-associated proteins and alternative mechanisms of inactivation and block 1075

123



FHFs for binding and modulation of voltage-gated sodium

channels. J Biol Chem 284:17883–17896

49. Nau C, Wang GK (2004) Interactions of local anesthetics with

voltage-gated Na? channels. J Membr Biol 201:1–8

50. Lipkind GM, Fozzard HA (2005) Molecular modeling of local

anesthetic drug binding by voltage-gated sodium channels. Mol

Pharmacol 68:1611–1622

51. McNulty MM, Edgerton GB, Shah RD, Hanck DA, Fozzard HA,

Lipkind GM (2007) Charge at the lidocaine binding site residue

Phe-1759 affects permeation in human cardiac voltage-gated

sodium channels. J Physiol 581:741–755

52. Ragsdale DS, Scheuer T, Catterall WA (1991) Frequency and

voltage-dependent inhibition of type IIA Na? channels, expres-

sed in a mammalian cell line, by local anesthetic, antiarrhythmic,

and anticonvulsant drugs. Mol Pharmacol 40:756–765

53. Ragsdale DS, McPhee JC, Scheuer T, Catterall WA (1994)

Molecular determinants of state-dependent block of Na? chan-

nels by local anesthetics. Science 265:1724–1728

54. Ragsdale DS, McPhee JC, Scheuer T, Catterall WA (1996)

Common molecular determinants of local anesthetic, antiar-

rhythmic, and anticonvulsant block of voltage-gated Na?

channels. Proc Natl Acad Sci USA 93:9270–9275

55. Wright SN, Wang SY, Wang GK (1998) Lysine point mutations

in Na? channel D4–S6 reduce inactivated channel block by local

anesthetics. Mol Pharmacol 54:733–739

56. Sunami A, Tracey A, Glaaser IW, Lipkind GM, Hanck DA,

Fozzard HA (2004) Accessibility of mid-segment domain IV S6

residues of the voltage-gated Na? channel to methanethiosulfo-

nate reagents. J Physiol 561:403–413

57. Bennett PB, Valenzuela C, Chen LQ, Kallen RG (1995) On the

molecular nature of the lidocaine receptor of cardiac Na?

channels. Modification of block by alterations in the alpha-sub-

unit III–IV interdomain. Circ Res 77:584–592

58. Grant AO, Chandra R, Keller C, Carboni M, Starmer CF (2000)

Block of wild-type and inactivation-deficient cardiac sodium

channels IFM/QQQ stably expressed in mammalian cells. Bio-

phys J 79:3019–3035

59. Sheets MF, Hanck DA (2007) Outward stabilization of the S4

segments in domains III and IV enhances lidocaine block of

sodium channels. J Physiol 582:317–334

60. Eaholtz G, Colvin A, Leonard D, Taylor C, Catterall WA (1999)

Block of brain sodium channels by peptide mimetics of the iso-

leucine, phenylalanine, and methionine (IFM) motif from the

inactivation gate. J Gen Physiol 113:279–294

61. Raman IM, Bean BP (1997) Resurgent sodium current and action

potential formation in dissociated cerebellar Purkinje neurons.

J Neurosci 17:4517–4526

62. Magistretti J, Castelli L, Forti L, D’Angelo E (2006) Kinetic and

functional analysis of transient, persistent and resurgent sodium

currents in rat cerebellar granule cells in situ: an electrophysio-

logical and modelling study. J Physiol 573:83–106

63. Castelli L, Biella G, Toselli M, Magistretti J (2007) Resurgent

Na? current in pyramidal neurones of rat perirhinal cortex:

axonal location of channels and contribution to depolarizing drive

during repetitive firing. J Physiol 582:1179–1193

64. Khaliq ZM, Gouwens NW, Raman IM (2003) The contribution of

resurgent sodium current to high-frequency firing in Purkinje

neurons: an experimental and modeling study. J Neurosci

23:4899–4912

65. Bant JS, Raman IM (2010) Control of transient, resurgent, and

persistent current by open-channel block by Na channel beta4 in

cultured cerebellar granule neurons. Proc Natl Acad Sci USA

107:12357–12362

66. Grieco TM, Afshari FS, Raman IM (2002) A role for phos-

phorylation in the maintenance of resurgent sodium current in

cerebellar Purkinje neurons. J Neurosci 22:3100–3107

67. Grieco TM, Malhotra JD, Chen C, Isom LL, Raman IM (2005)

Open-channel block by the cytoplasmic tail of sodium channel

beta4 as a mechanism for resurgent sodium current. Neuron

45:233–244

68. Aman TK, Raman IM (2010) Inwardly permeating Na ions

generate the voltage dependence of resurgent Na current in cer-

ebellar Purkinje neurons. J Neurosci 30:5629–5634

69. Wang GK, Edrich T, Wang SY (2006) Time-dependent block and

resurgent tail currents induced by mouse beta4(154–167) peptide

in cardiac Na? channels. J Gen Physiol 127:277–289

70. Do MT, Bean BP (2004) Sodium currents in subthalamic nucleus

neurons from Nav1.6-null mice. J Neurophysiol 92:726–733

71. Mercer JN, Chan CS, Tkatch T, Held J, Surmeier DJ (2007)

Nav1.6 sodium channels are critical to pacemaking and fast

spiking in globus pallidus neurons. J Neurosci 27:13552–13566

72. Kalume F, Yu FH, Westenbroek RE, Scheuer T, Catterall WA

(2007) Reduced sodium current in Purkinje neurons from Nav1.1

mutant mice: implications for ataxia in severe myoclonic epilepsy

in infancy. J Neurosci 27:11065–11074

73. Osorio N, Cathala L, Meisler MH, Crest M, Magistretti J, Delmas

P (2010) Persistent Nav1.6 current at axon initial segments tunes

spike timing of cerebellar granule cells. J Physiol 588:651–670

74. Theile JW, Jarecki BW, Piekarz AD, Cummins TR (2011)

Nav1.7 mutations associated with paroxysmal extreme pain dis-

order, but not erythromelalgia, enhance Navbeta4 peptide-

mediated resurgent sodium currents. J Physiol 589:597–608

75. Grieco TM, Raman IM (2004) Production of resurgent current in

NaV1.6-null Purkinje neurons by slowing sodium channel inac-

tivation with beta-pompilidotoxin. J Neurosci 24:35–42

76. Gall D, Roussel C, Susa I, D’Angelo E, Rossi P, Bearzatto B,

Galas MC, Blum D, Schurmans S, Schiffmann SN (2003) Altered

neuronal excitability in cerebellar granule cells of mice lacking

calretinin. J Neurosci 23:9320–9327

77. Van Wart A, Trimmer JS, Matthews G (2007) Polarized distri-

bution of ion channels within microdomains of the axon initial

segment. J Comp Neurol 500:339–352

78. Lorincz A, Nusser Z (2008) Cell-type-dependent molecular

composition of the axon initial segment. J Neurosci 28:14329–

14340

79. Duflocq A, Le Bras B, Bullier E, Couraud F, Davenne M (2008)

Nav1.1 is predominantly expressed in nodes of Ranvier and axon

initial segments. Mol Cell Neurosci 39:180–192

80. Shakkottai VG, Xiao M, Xu L, Wong M, Nerbonne JM, Ornitz

DM, Yamada KA (2009) FGF14 regulates the intrinsic excit-

ability of cerebellar Purkinje neurons. Neurobiol Dis 33:81–88

81. Kim JH, Kushmerick C, von Gersdorff H (2010) Presynaptic

resurgent Na? currents sculpt the action potential waveform and

increase firing reliability at a CNS nerve terminal. J Neurosci

30:15479–15490

82. Dover K (2010) Functional diversity of fibroblast growth factor

homologous factor family of proteins. PhD Thesis. Biological

Sciences, Hunter College of City University, New York

83. Spruston N, Schiller Y, Stuart G, Sakmann B (1995) Activity-

dependent action potential invasion and calcium influx into hip-

pocampal CA1 dendrites. Science 268:297–300

84. Callaway JC, Ross WN (1995) Frequency-dependent propagation

of sodium action potentials in dendrites of hippocampal CA1

pyramidal neurons. J Neurophysiol 74:1395–1403

85. Jung HY, Mickus T, Spruston N (1997) Prolonged sodium

channel inactivation contributes to dendritic action potential

attenuation in hippocampal pyramidal neurons. J Neurosci

17:6639–6646

86. Colbert CM, Magee JC, Hoffman DA, Johnston D (1997) Slow

recovery from inactivation of Na ? channels underlies the

activity-dependent attenuation of dendritic action potentials in

hippocampal CA1 pyramidal neurons. J Neurosci 17:6512–6521

1076 M. Goldfarb

123


	Voltage-gated sodium channel-associated proteins and alternative mechanisms of inactivation and block
	Abstract
	Introduction
	Fast inactivation
	FHF-mediated long-term inactivation
	Sodium channel beta 4-mediated open channel block and resurgent current
	Regulation of action potentials by sodium channel inactivation and block
	Summary
	Acknowledgments
	References


