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Voltage-dependent sodium channels are the central players in the excitability of neurons, cardiac muscle, and skeletal
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of epilepsy, arrhythmias, myotonia, and periodic paralysis. In this issue of the JCI, Jarecki and colleagues present
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an unusual form of gating in which sodium channels reopen following an action potential, thus promoting the firing of
another action potential (see the related article beginning on page 369). The results of this study suggest a widespread
pathophysiological role for this mechanism, previously described to occur normally in only a few types of neurons.

Commentary

Find the latest version:

https://jci.me/41340/pdf

http://www.jci.org
http://www.jci.org/120/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI41340
http://www.jci.org/tags/44?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/41340/pdf
https://jci.me/41340/pdf?utm_content=qrcode


commentaries

80	 The Journal of Clinical Investigation      http://www.jci.org      Volume 120      Number 1      January 2010

Finally, recent results indicate that the 
induction of expression of ICOS, a costimu-
latory molecule related to CD28, on CD4+ 
cells correlates with positive responses to 
cancer immunotherapy in patients with 
prostate cancer (19, 20). The present results 
(9) suggest that persistent BTLA expression 
on the surface of T cells with tumor specific-
ity is a poor prognostic biomarker and that 
the loss of BTLA expression consequent to 
cancer immunotherapy may be a positive 
biomarker of response. The data reported in 
this issue of the JCI by Derré and coworkers 
are robust and are likely to provide insight 
particularly given that they are derived from 
human studies, which often reveal disease 
mechanisms not evident in murine studies.
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Our understanding of channelopathies — 
human disorders arising from mutations 
of ion channel genes — has gone through 
several waves of discovery. First, there was 

the implication that ion channels may 
play a causal role in disease pathology 
from the observation of abnormal ionic 
conductances in muscle biopsied from 
individuals with myotonia or periodic 
paralysis, studied using microelectrode 
recording (1, 2). Then came identification 
of mutations in ion channel genes, made 
possible by discovery of ion channel gene 
superfamilies; disease-associated muta-
tions were identified by genome-wide 
linkage studies or by a candidate gene 
approach guided by the discovery of aber-
rant conductances in affected cells (3). 
This approach enabled the identification 
of numerous channelopathies in heart, 
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brain, and peripheral nerve (4). The third 
wave of discovery involved the functional 
characterization of mutant ion channels 
(5, 6), usually by expression of mutant 
channels in heterologous expression sys-
tems, or, more rarely, by study of mutant 
channels in native tissue. The study by 
Jarecki and colleagues in this issue of the 
JCI (7) uses a clever twist for examining 
functional effects of ion channel muta-
tions, by expressing cloned sodium chan-
nels in native neurons instead of a stan-
dard expression system — a procedure 
that allowed functional characterization 
of a particular kind of channel gating that 
has previously been impossible to capture 
in expression systems derived from non-
excitable cells.

By recording ionic currents from mutant 
channels heterologously expressed in 
common expression systems, such as frog 
oocytes or fibroblast cell lines, much prog-
ress has been made in our understanding 

of how mutations affect channel func-
tion. Surprisingly, many disease-associated 
mutations result in the formation of func-
tional channels in these systems, but with 
abnormal characteristics. The vast major-
ity of functional defects involve channel 
gating — the process by which channels 
open or close in response to membrane 
potential, ligand binding, stretch, or heat. 
A broad common theme has emerged: the 
consequence of mutant channel activity is 
often depolarization of the cell, through 
either gain-of-function changes (too much 
ionic current) for sodium or Ca2+ chan-
nels or loss-of-function changes for K+ or 
Cl– channels (5). However, this principle 
is not absolute, since a number of loss-of-
function changes in sodium channels are 
also known (6). These biophysical measure-
ments of channel gating have been com-
plemented by computational models of 
cellular excitability that demonstrate, for 
example, how an observed defect in chan-

nel gating is sufficient to trigger abnormal 
bursts of sustained discharges or to render 
a cell inexcitable as a result of a persistently 
depolarized state of refractoriness.

Sodium channel gating
Voltage-gated sodium channels (VGSCs) 
carry inward sodium current that under-
lies action potentials in mammalian neu-
rons, skeletal muscle, and cardiac muscle. 
VGSCs are closed at normal resting poten-
tials. When the cell membrane is depolar-
ized (made less negatively charged), VGSCs 
first open (i.e., activate) and then inactivate, 
closing to a state that cannot be opened by 
further depolarization. Before being avail-
able again for activation, the channels must 
recover from inactivation. Recovery occurs 
when the membrane is repolarized to the 
resting potential. In most cells, recovery 
from inactivation is electrically silent — no 
sodium current flows (Figure 1A and ref. 8). 
However, in some neurons, sodium chan-

Figure 1
Conceptual models of sodium channel gating during flow of classic and resurgent sodium current. (A) Conventional sodium current kinetics. Top: 
Current recorded from a hippocampal CA1 pyramidal neuron in response to indicated voltage sequence. Bottom: Interpretation of channel gating. 
Channels are closed at –90 mV. Upon depolarization to +30 mV, channels activate, carrying inward sodium current. After a few milliseconds, 
channels inactivate, corresponding to block of each channel by an intracellular loop of the main channel subunit (particle labeled “I,” tethered to 
channel). Upon repolarization to –50 mV, channels partially recover from inactivation (back to non-inactivated closed state), but no current flows. 
(B) Sodium current kinetics for sodium channels carrying resurgent current. Top: Current recorded from a cerebellar Purkinje neuron in response 
to the same voltage sequence shown in A. Bottom: Interpretation of channel gating. In addition to normal inactivation, there is a competing pro-
cess behaving as if a blocking particle (B), different from the intracellular loop of the main channel subunit, can enter and occlude the channel 
when it is open, preventing normal inactivation. Upon repolarization to –50 mV, channels occupied by the blocking particle transiently open as 
the blocking particle exits the channel. The transient opening produces current at –50 mV (resurgent current). The diagram is oversimplified; in 
actuality, some channels inactivate normally and do not result in resurgent current. Also, when the blocking particle exits at –50 mV, channels 
can either return to closed state or enter the normal inactivated state. Current records redrawn with permission from Journal of Neuroscience 
(19). Schematics of the changing conformation of the channels modified with permission from Journal of Neuroscience (20).
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nels open transiently during recovery from 
inactivation, generating a resurgent sodium 
current that flows after the membrane is 
repolarized (Figure 1B and ref. 9). This surge 
of sodium current provides a depolarizing 
influence after an action potential, produc-
ing a kind of anti-refractory behavior. The 
mechanism by which resurgent current is 
generated likely involves an intracellular, 
positively charged particle that binds to 
open sodium channels in a voltage-depen-
dent manner, blocking strongly at depolar-
ized voltages but exiting at hyperpolarized 
voltages (9, 10); the exit corresponds to flow 
of resurgent current at these voltages (Figure 
1B). Binding of the particle seems competi-
tive with normal inactivation, which occurs 
when an intracellular loop of the main 
channel subunit binds to and occludes the 
intracellular mouth of the pore (11). In cells 
with resurgent sodium current, depolariz-
ing current flows as channels recover from 
inactivation, thereby promoting the firing 
of a second action potential, and such cells 
tend to fire bursts of closely spaced action 
potentials. A small, but growing, list of neu-
rons is known to express resurgent sodium 
current, including cerebellar Purkinje neu-
rons (9), subthalamic nucleus neurons (12), 
deep cerebellar nuclei neurons (13), cerebel-
lar granule neurons (13–15), mesencephalic 
trigeminal motor neurons (16), vestibular 
nucleus neurons (17), and a subpopulation 
of primary sensory neurons in dorsal root 
ganglia (DRG; ref. 18). Resurgent sodium 
current has not been described in cardiac 
muscle or skeletal muscle.

Testing for sodium channel 
resurgent properties must be 
performed in excitable cells
The exact molecular machinery underly-
ing sodium channel resurgent current 
is unknown. Grieco and colleagues (10) 
hypothesized that the blocking particle 
may be part of a particular accessory sub-
unit, b4, but this is still unproven, partly 
because it has thus far been impossible 
to reconstitute resurgent gating behavior 
in heterologous expression systems using 
cloned channels. In their current study, 
Jarecki and colleagues overcame this 
problem by using primary cultures of rat 
DRG neurons as an expression system for 
mutant sodium channels (7). From previ-
ous work, they knew that a subpopulation 
of DRG neurons expresses resurgent sodi-
um current normally (18), and thus must 
possess the necessary intracellular milieu 
and/or accessory subunits, even if these are 
not yet well defined. To isolate the sodium 
current from exogenous sodium chan-
nels expressed in the neurons, the authors 
engineered the channels to lack the bind-
ing site for tetrodotoxin (TTX) and used 
TTX to block current from native sodium 
channels. With this system, the authors 
could convincingly identify TTX-resistant 
resurgent current from the heterologously 
expressed channels. A limitation of the 
system is that only approximately 60% of 
DRG neurons express resurgent current 
either normally or after transfection with 
exogenous channels (presumably reflect-
ing heterogeneity in the cell population), 
making it necessary to perform many 
experiments with each mutation to obtain 
appropriate statistics.

Jarecki and colleagues astutely reasoned 
that since many disease-associated VGSC 
mutations slow the process of channel inac-
tivation (5), and the resurgent mechanism 
appears to compete with normal inactiva-
tion (9), such mutations might induce or 
enhance resurgent current. Their data con-
vincingly demonstrate a proof of principle 
for this hypothesis (7). They found that 

mutations associated with painful neurop-
athy (i.e., in the peripheral neuronal sodium 
channel Nav1.7 isoform), cardiac arrhyth-
mia (i.e., in the cardiac myocyte sodium 
channel Nav1.5), or myotonia of skeletal 
muscle (i.e., in the skeletal muscle sodium 
channel Nav1.4) all resulted in slowed inac-
tivation and exaggerated resurgent sodium 
currents when expressed in DRG neurons. 
The enhancement of resurgent current can 
be expected to promote high-frequency, 
repetitive firing in a way that slowing inac-
tivation alone may not; indeed, computer 
simulations performed as part of their 
study demonstrate that enhanced resur-
gent current can, in principle, cause repeti-
tive firing of neurons. Their finding that 
multiple mutations causing diminished 
inactivation in multiple sodium channel 
subtypes can enhance resurgent current 
is especially exciting because a great many 
other sodium channelopathies are known 
to diminish channel inactivation, which 
suggests that enhancement of resurgent 
current might occur in many other cases.

Functional consequences in skeletal 
muscle of altered sodium channels 
with exaggerated resurgent currents
How the special features of resurgent sodi-
um current might influence the disease 
phenotype can be illustrated by modeling 
of the excitability of skeletal muscle. As 
pointed out by Jarecki and colleagues (7), 
an abnormally enhanced resurgent sodium 
current is expected to promote self-sus-
tained after-discharges in affected muscle 
fibers, which would manifest clinically as 
myotonic stiffness caused by involuntary 
after-contraction. Because the resurgent 
sodium current is present only transiently 
upon repolarization, lasting for about 30 
or 40 ms, the prediction is that an abnor-
mal resurgent current cannot produce the 
sustained depolarized shift in the muscle 
resting potential that underlies an attack 
of periodic paralysis, such as that predicted 
by incomplete inactivation without resur-
gence (5). Figure 2 shows the membrane 

Figure 2
Resurgent sodium current effects on action potential firing in a simulated skeletal muscle fiber. 
Membrane voltage response to a brief suprathreshold stimulus is shown for 3 different sodium 
channel configurations. (A) With normal sodium channels, a single action potential is elicited. 
(B) Simulation of the sodium channel defect in PMC (5-fold slower rate of inactivation compared 
with wild-type channels, plus 3% resurgent current), which produces a sustained burst of myo-
tonic after-discharges. (C) Artificial enhancement of the resurgent properties beyond the 3% 
used to simulate PMC results in a brief depolarized plateau, which decays to a myotonic burst. 
Sustained depolarization with action potential failure, as occurs in periodic paralysis, cannot be 
generated by enhancement of the resurgent sodium current alone.
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voltage response of a model muscle cell to 
a brief current stimulus pulse. Normally, 
a suprathreshold stimulus elicits a single 
action potential, and the fiber repolarizes 
to the resting potential (Figure 2A). Simu-
lation of a paramyotonia congenita (PMC) 
mutant VGSC — for which the kinetics of 
inactivation are slowed 5-fold compared 
with normal sodium channels, and which 
has a resurgent sodium current of 3% of the 
peak current — produces a train of myoton-
ic after-discharges (Figure 2B). If the resur-
gent component is artificially increased 
by a 5-fold increase in the open to open/
blocked rate constant, then the concomi-
tant increase of inward resurgent sodium 
current does produce a plateau after-depo-
larization (Figure 2C). But because the 
resurgent sodium current is transient, the 
membrane potential eventually repolarizes 
and breaks into a train of repetitive after-
discharges. This simulation demonstrates 
that a resurgent sodium current in skel-
etal muscle will promote myotonia, but is 
not predicted to cause paralysis, because a 
transient resurgent current, no matter how 
large, cannot produce a steady-state depo-
larized shift in the resting potential.

An important question that remains 
unanswered is whether mutations that can 
produce resurgent current in a cell type 
that allows it (like the DRG neurons used 
as the expression system) do produce it in 
the cell types in which the channels are 
actually present in vivo. For the Nav1.7 
channel mutations associated with parox-
ysmal extreme pain disorder, a rare condi-
tion with severe jaw, eye, and rectal pain 
as well as flushing, the faulty channels are 
expressed endogenously in DRG neurons, 
so it seems very likely that the enhanced 
resurgent channel behavior observed by 
Jarecki et al. (7) does occur in vivo. How-
ever, it is still uncertain whether this is true 
for mutant cardiac and skeletal muscle 
channels (Nav1.5 and Nav1.4, respective-
ly), because resurgent sodium current has 
not been reported in native cardiac or skel-
etal muscle (although it is also not clear 

whether appropriate voltage pulse proto-
cols and/or maneuvers to reduce normal 
inactivation have been used to look for it). 
It will be crucial to determine whether the 
cellular milieu in skeletal muscle or heart 
can support resurgent sodium currents 
before concluding that resurgent current 
is a likely disease mechanism for VGSC 
mutations in these tissues. For mutations 
in neuronal sodium channels, the expec-
tation is that the mutations will enhance 
resurgent current only in cell types capable 
of producing resurgent current under nor-
mal circumstances. The full extent of such 
cell types is not yet known.

Clinically used sodium channel inhibi-
tors, including antiarrhythmics and anti-
convulsants, all act by interacting with 
the gating machinery of sodium chan-
nels. Because the molecular machinery of 
resurgent current is different from that of 
normal gating, it may well be possible to 
design or identify drugs capable of selec-
tively reducing resurgent sodium current. 
If enhanced resurgent current turns out to 
be a common mechanism for many chan-
nelopathies, as suggested by the work by 
Jarecki and colleagues (7), elucidation of 
the molecular machinery of this unusual 
gating mechanism could take on new clini-
cal significance.
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New roles for Notch in tuberous sclerosis
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Tuberous sclerosis complex (TSC) is a dominantly inherited disease that is 
characterized by the growth of multiple benign tumors that are often dif-
ficult to treat. TSC is caused by mutations that inactivate the TSC1 or TSC2 
genes, which normally function to inhibit activation of mammalian target 
of rapamycin signaling. In this issue of the JCI, two studies reported by Kar-
bowniczek et al. and Ma et al. link TSC inactivation with activated Notch sig-
naling (see the related articles beginning on pages 93 and 103, respectively). 
Using a variety of approaches, both studies show that inactivation of TSC 
leads to Notch1 activation. Furthermore, studies in tumor cells suggest that 
inhibiting Notch slows growth of the tumor cells. Although much remains to 
be learned about the precise mechanisms by which TSC loss leads to Notch 
activation, the newly identified link of TSC to Notch provides the rationale 
for testing Notch inhibitors in TSC-associated tumors.

Tuberous sclerosis complex (TSC) is a domi-
nantly inherited multisystem disease that is 
characterized by the formation of benign 
tumors in multiple organs (1, 2). The clini-
cal manifestations of TSC are variable but 
frequently involve the nervous system, as 
evidenced by the occurrence of seizures 
and autism, which may, in part, result from 
benign growths (“tubers”) in the cerebral 
cortex. Patients frequently develop tumors 
outside of the CNS; the development of 
renal angiomyolipomas (benign renal 
neoplasms composed of fat, vascular, and 
smooth muscle) and pulmonary lymphan-
gioleiomyomatosis (LAM; abnormal prolif-
eration of smooth muscle cells throughout 
lung interstitium) can lead to severe clinical 
problems that respond poorly to current 
treatments. TSC is caused by mutations that 
inactivate either the TSC1 or TSC2 genes, 
also known as hamartin and tuberin, respec-
tively (3). TSC1 and TSC2 heterodimerize to 
inhibit the Ras homolog Rheb (Ras homo-
log enriched in brain), which functions to 
activate the mammalian target of rapamycin 
(mTOR) complex 1 (TORC1) (4) (Figure 1). 
Thus, inactivation of TSC1 or TSC2 leads to 
prolonged Rheb signaling and activation of 
the rapamycin-sensitive TORC1 arm of the 
mTOR signaling pathway. mTOR integrates 
a variety of signals induced by growth factor 
stimulation, hypoxia, and nutrient availabil-
ity to control cell cycle, nutrient uptake, and 
transcription and translational control (5). 
Important downstream targets of mTOR are 

ribosomal protein S6 kinase polypeptide 1  
(S6K1) and eukaryotic translation initia-
tion factor 4e–binding protein 1 (4E-BP1) 
that regulate ribosome recruitment and 
protein translation. mTOR is activated in a 
wide variety of human tumors and is consid-
ered to be an excellent target for anticancer 
therapy (6). The identification of the mTOR 
pathway as a major player in the pathogene-
sis of TSC suggested that specific inhibition 
of this pathway may substantially benefit 
TSC patients (7). The data are sobering thus 
far, as treatment of TSC patients with the 
mTOR inhibitor sirolimus has induced only 
mild, transient improvement (8). These data 
suggest that better and/or additional thera-
peutic agents are needed to treat TSC. In this 
issue of the JCI, Karbowniczek et al. (9) and 
Ma et al. (10) report that TSC loss is associat-
ed with upregulation of the Notch signaling 
pathway. Therapeutic Notch inhibitors have 
already been developed, and related findings 
suggest that these inhibitors may be benefi-
cial for the treatment of TSC.

TSC loss promotes Rheb-dependent 
Notch activation in flies, rodents, 
and humans
Inappropriate expression of lineage 
markers is a frequent characteristic of 
TSC tumors; CNS tubers express both 
neuronal and glial lineage markers, and 
both LAM and renal angiomyolipomas 
express smooth muscle and melanocytic 
markers. Moreover, cells within the clonal 
renal angiomyolipomas exhibit devel-
opmental plasticity, with the capacity 
to develop into fat, smooth muscle, and 
vascular lineage cells (11). These obser-

vations served as the initial impetus for 
both Karbowniczek et al. (9) and Ma et 
al. (10) to explore the potential role of 
Notch signaling in this process, as Notch 
is an important arbiter of cell fate deci-
sions (12). Using different model systems 
and approaches, both groups came to the 
same conclusion: TSC loss leads to Notch 
activation. Karbowniczek and cowork-
ers (9) took advantage of the evolution-
ary conservation of the TSC pathway to 
study the function of TSC signals in the 
well-described differentiation of the sen-
sory organ precursor (SOP) cell into the 
external sensory organ (ESO) of the fruit 
fly Drosophila melanogaster (13) (Figure 2A). 
TSC signaling is conserved from Drosoph-
ila to humans; for example, the Drosophila 
orthologs of the mammalian tuberous 
sclerosis proteins, dTSC1 and dTSC2, 
function downstream of the insulin recep-
tor to regulate mTOR signals and cell size 
(14). Differentiation of the SOP cell into 
the ESO results from multiple asymmetric 
divisions that depend on differential reg-
ulation of Notch signaling to ultimately 
give rise to the differentiated ESO, which 
is comprised of an external bristle cell and 
socket cell as well as an internal sensory 
neuron and sheath cell (Figure 2A) (15). 
This process begins when the primary pro-
genitor (pI) cell undergoes an asymmetric 
cell division to give rise to an anterior pIIb 
cell and a posterior pIIa cell. The Notch 
inhibitor Numb is asymmetrically distrib-
uted to the pIIb cell, such that Notch sig-
naling persists in the pIIa cell, whereas it 
is inhibited in the pIIb cell. In the absence 
of Notch signaling, two pIIb cells are pro-
duced, whereas constitutive Notch signals 
lead to the production of two pIIa cells 
at the expense of pIIb differentiation. 
The latter results in duplication of the 
external bristle and socket cells, causing 
the appearance of extra microbristles on 
the flies. Karbowniczek et al. generated 
flies with loss-of-function TSC alleles and 
found that the SOP differentiation pheno-
types were similar to Notch gain-of-func-
tion phenotypes (i.e., duplication of the 
pIIa cell resulting in extra microbristles) 
(Figure 2B). Furthermore, overexpression 
of Rheb recapitulated these phenotypes, 
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