
Voltage-dependent sodium channels have a decisive role in the generation of action potentials (AP) in
many types of cells. In addition to the fast inactivating Na-current, associated with AP generation, the
Na-channel can give rise to a noninactivating or persistent Na-current. The latter current generally com-
prises up to 5% of the transient current having important physiological consequences. It was established
that persistent Na-currents have functional significance in setting the membrane potential in a sub-
threshold range regulating by this way dendritic depolarisations, repetitive firing and enhancing synap-
tic transmission. Voltage dependent sodium channel genes have been identified in a variety of inverte-
brates, as well as mammalian and nonmammalian vertebrates. It has been established that the biophysi-
cal properties, pharmacology and gene organization of invertebrate sodium channels are largely similar
to the vertebrate ones, supporting the view that the ancestral sodium channel was established before the
evolutionary separation of the invertebrates from the vertebrates. Although different isoforms of voltage
sensitive Na-channels have now been identified the mechanism for persistent current remains controver-
sial. An important yet unanswered question is whether persistent and fast inactivating Na-currents arise
from different sets of sodium channels or whether the persistent Na-current results from different gating
of the same channel type. The aim of the present review is to discuss the origin and the function of the
persistent current, focusing on data derived from an invertebrate animal.
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INTRODUCTION

Voltage-dependent Na-channels (VDNC) are responsible for the generation and con-
duction of APs in the membranes of excitable cells. Na-current typically activates
and then completely inactivates within a few milliseconds contributing in this way to
the repolarization of the APs. In addition to fast activating and inactivating inward
Na-current (INaT) many types of excitable cells possess a noninactivating or slowly
inactivating component: the persistent sodium current (INaP). An easy and quick way
to isolate the INaP and reveal its voltage dependence is the use of the slow ramp
(20–50 mV/s) protocol since it allows inactivation of INaT. In most neurons where
INaP has been studied the typical feature of this current is a negative shift of its acti-
vation threshold by about 10 mV. There are examples however where the activation
and inactivation voltage range of INaT and INaP coincide.

The widespread occurrence of an INaP in neurons from different brain regions sug-
gests it has special functions, such as integration of synaptic potentials, acceleration
of firing rates and promoting subthreshold oscillations [16, 29]. In muscle and car-
diac cells INaP contributes to depolarizing plateau potentials [28, 30, 58]. INaP has also
been observed in neurons of several invertebrate species such as the medicinal leech,
jellyfish, sea anemone, flatworm, insects, barnacle, squid and snails [4, 5, 12, 13, 18,
19, 24, 31, 39, 43, 59]. In neurons from both vertebrate and invertebrate animals up
to 5% of the overall sodium current flows through noninactivating channels. The ori-
gin of these channels is still a matter of controversy. 

So the question arises, does the persistent sodium current stem from the same
channels that underlie the phasic sodium current or is it carried by a fraction of Na-
channels that fail to inactivate? In order to answer this question three general
hypotheses have been presented: first, the window current hypothesis based on
Hodgkin-Huxley whole-cell current properties; second, the wide repertoire of modal
change in the inactivation properties of the same channels that mediate INaT and
third, the possibility that INaP is generated by a special subtype of sodium channels
that does not inactivate [16].

Window current hypothesis

The window current hypothesis comes directly from the kinetic model of Hodkin-
Huxley, where activation (m) and inactivation (h) curves overlap over a small poten-
tial range predicting a steady Na conductance over this range. This hypothesis was
quickly rejected, because it was shown that INaP cannot be adequately described by
the Hodkin-Huxley window current model [12] since conductance of persistent Na-
channels increases monotonically following a Boltzman-curve while the window
current does not [23, 31, 34]. In particular the peak of the INaP in a number of cell
types has been shifted about 10 mV negative to the window current. It was conclud-
ed that it is unlikely that window current satisfactorily explains the noninactivating
current. In contrast, in squid olfactory receptor neurons 10–18% of the total Na-



channels are already in an activated state near the AP threshold which can explain
the origin of the noninactivating component [11].

Loss of the ability to inactivate

In most neurons persistent current loses the ability to inactivate [3, 7, 34]. Single
channel current recordings suggest that brief late openings and rare sustained bursts
are able to generate a small but significant persistent current in the neurons of the cat
sensorimotor cortex [3]. According to Patlak and Ortiz [44, 45], late channel open-
ings appear to be of two kinds: the first consisting of channels transiently reopening
from the inactivated state and the second of channels in which inactivation is
markedly delayed. Kinetic scheme 1 accommodates both mechanisms (Fig. 1).
Briefly, channels normally enter the fast inactivated state (Ih) rather than the slow
inactivated state (Is) from the open state (O) upon depolarization [52]. The biophys-
ical properties of the two types of openings were identical, suggesting that the fast
and persistent single channel openings were generated by the same subtype of Na-
channels. The single channel conductance of INaP from stellate cells in the entorhinal
cortex was however significantly higher than those of the transient openings [35].

In fact, transient Na-channels of squid giant axons, where inactivation was
removed pharmacologically by intracellular papain injection and N-bromoac-
etamide, activate at the same voltages as INaP [6, 52, 54]. Intracellular ions also might
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Fig. 1. Kinetic schemes explaining the origin of the INaP
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have an influence on the process of inactivation. In Helix neurons, for example,
rubidium ions remove inactivation of Na-channels in a similar manner to pronase
treatment [55]. Based on the above observations it was concluded that there is no
need to interpret the difference in biophysical properties of INaP and INaT as evidence
for different subtypes of VDNCs [7, 16]. Accordingly, the channel carrying INaP

could also carry INaT. That is, most of the time the channel behaves like a transient
Na-channel, but infrequently it would fail to inactivate, producing INaP. Single chan-
nel recordings from neurons of different brain areas give clear evidence for the exis-
tence of prolonged bursts of openings, implying that even normal Na-channels can
produce a persistent current large enough to be physiologically important [1, 3, 34,
35, 56]. Inactivation of the Na-channel of excitable cells appears to be the most vul-
nerable kinetic feature as it tends to be slowed or blocked by a number of drugs and
toxins or by mutations of the channel molecule [60]. The experimental weakness of
most of the single channel studies is the inability to study a patch with only a single
channel. Multiple channels present in the patch make the analysis cumbersome.
Single channel analysis is further complicated by the existence of different conduc-
tance substates and changes following excisions of membrane patches [38].

Open block-state

Following a brief and strong depolarisation the repolarization to voltages around
–40 mV elicited a slowly rising and decaying Na-current in cerebellar Purkinje cells.
This current is satisfactorily explained by a model (kinetic scheme 2) that incorpo-
rates an additional blocked state from which the channel recovers transiently through
open state and enters the inactivated state (Fig. 1). The hypothetical blocking parti-
cle is either a part of the Na-channel protein or it could be located intracellularly.
Single channel recordings suggest that the same channels that carry resurgent current
also produce fast inactivating Na-current. However, the resurgent current occurs in
several neurons where no measurable persistent current is revealed by slow ramps
[47–49]. The resurgent current cannot be observed in all excitable cells. For exam-
ple, it is present in Helix but is lacking in Lymnaea neurons, although the occurrence
of INaP can be demonstrated in both species [31, 39].

Slow closed-state inactivation

Two Na-channel isoforms the hNE (Nav1.7), located selectively in DRG neurons and
hSkM1 (Nav 1.4), located in skeletal muscle, were expressed in HEK293 cells and
compared. INaP was observed in cells expressing hNE channels, but not in cells
expressing hSkM1 channels. It was concluded that persistent properties were attrib-
uted to the slow-closed-state inactivation which was preferentially present in cells
with hNE channels. The closed-state inactivation was estimated from inactivation
and recovery from inactivation and modelled by a multistate channel gating scheme



(kinetic scheme 3 in Fig. 1). In this model, at very negative potentials, channels
reside in the leftmost closed-states and with depolarization they progress to the open
state and can inactivate from any state [17]. Because closed-state inactivation devel-
ops much more slowly for hNE channels, they are less likely to inactivate during
slow subthreshold potentials and are more likely to be available to open. In this
model system the ramp currents and the currents elicited with step depolarisations
have a similar activation threshold. The apparent deficiency of this kinetic scheme is
its inappropriateness to explain the negative shift of the INaP.

Models including two open states

We have studied the properties of Na-channels in neuroblastoma cells (N1E 115)
using the patch-clamp technique and observed late single channel openings. It was
concluded that the distinct kinetic and steady-state parameters reflect two open states
[38]. Chandler and Meves [10] working on the squid axon have observed that Na-
current inactivation is incomplete at positive potentials and under the conditions of
inverse sodium gradients. They proposed that this could arise from either an inde-
pendent conductance, activating at positive potentials or a change in the conductance
at those potentials. Although they worked at a different potential range their results
pointed to the possibility that the same Na-channel molecule may exist in kinetical-
ly different conducting states. Detailed analysis of different kinetic models of the Na-
channel led to the conclusion that persistent current represents a second open state
that follows the inactivated state of one Na-channel type rather than an additional
channel [14]. Models with two open states were ranked according to the AIC
(asymptotic information criterium, [2]) and convergence at four different potentials
was estimated (Fig. 2). Kinetic model scheme 1 describes satisfactorily the persis-
tence of Na-channel gating. A second open state was included in the models in order
to interpret biphasic properties observed during inactivation or recovery from inacti-
vation in several cells [21, 41]. In order to explore the kinetic and gating mechanisms
of muscle INaP, single channel currents from wild type and five mutant Na-channels
were analysed [57]. It was found that for all the channels investigated, including wild
type, two open states were necessary in modelling the experimental data.

Beyond the biophysical properties of the INaP, additional experimental evidence
has been accumulated which supports one or other kinetic model outlined above.
Until recently no pharmacological agent has been identified that selectively distin-
guishes INaP from INaT. Pharmacological differentiation between channel types is
hampered by the lack of blocking agents specific for different subtypes of Na-chan-
nels. However, INaP can be specifically up- and down-regulated by neurotransmitters
and by unfavourable conditions [25, 37]. In tuberomammillary and in neocortical
neurons INaP appears to be reduced in parallel with transient current by a given con-
ditioning protocol. This is consistent with the same population of channels underly-
ing both currents [22]. Similarly, in prefrontal cortex neurons, the non-Nav1.6 frac-
tion of persistent Na-current is reduced by dopamine agonists to the same extent as
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the transient current, again suggesting a common origin [36]. The results from these
experiments are consistent with a single population of channels underlying both
types of current at least in tuberomammillary neurons [56].

INaP originated from different type of channels

A number of findings appear to support the hypothesis that INaP flows through a sub-
set of channels different from those underlying the transient current [33]. This
hypothesis was successfully applied in theoretical models to explore the role of INaP

in several cell functions [8, 26, 27]. In ventricular myocytes, the transient Na-current
is TTX insensitive, but the persistent Na-current is TTX sensitive [53]. This differ-
ence in TTX sensitivity strongly implies that the amino acid (AA) sequence of the
transient and persistent Na-channels differs, at least at the TTX binding site, and that
therefore the two channels must be different molecules.

Excitable cells usually express multiple VDNC-types depending on the function-
al and developmental stage of the animal. For example, DRG neurons of rat contain
at least six Na-channel subtypes including Nav1.1, Nav1.6, Nav1.7, Nav1.8, Nav1.9
and Nax (Fig. 3). Consequently the INaT (TTXs) appears to be a composite produced
by Nav1.1, Nav1.6 and Nav1.7 sodium channels [9, 50, 51].

Applying antibodies developed against different subtypes of Na-channels it is pos-
sible to differentiate between channel types. Based on immunocytochemical results
it is likely that different Na-channel subtypes might have similar electrophysiologi-
cal properties. Consequently immunocytochemical variability does not necessarily

Fig. 2. Theoretical models with two open states: AIC = asymptotic information criterium



imply a difference in all physiological characteristics of the channel. Accordingly the
same or similar physiological responses can be achieved involving different channel
subtypes. Even though there is much discussion about the merits of theories listed
above, seemingly there is no direct evidence to generalize any of them.

Molecular mechanism

The molecular nature of the channels carrying persistent or maintained Na-current is
largely unknown. The AA sequence responsible for fast inactivation and the location
of the activation gate are known. The part which forms the pore forming subunit and
the part which is responsible for the TTX-sensitivity are also known. However, we
do not know which particular AA sequence is responsible for the noninactivating
properties of the persistent channels. The mechanism responsible for slow or ultra
low inactivation seems to be complicated and connected to molecular structures dis-
tinct from those of fast inactivation. It is probable that this dissimilarity is attributed
to the intracellular loops and C terminus because transmembrane segments have
much higher homology between different subtypes. Using the available data bases
we have compared the identity of rat Nav1.9 channel with rat Nav1.1–Nav1.8 channel
sequences. When the total lengths of the channels were compared, 65 and 74% sim-
ilarity were found between different subtypes (average 68%). Much higher identity
can be observed when only transmembrane segments of Nav1.9 channels are com-
pared from different vertebrate species (Table 1).

The degree of similarity between human Nav1.9 and different invertebrate Na-
channels is shown in Table 2. Invertebrate Na-channels, which were not necessarilly
identified as persistent channels, show 61–70% homology with the human Nav1.9
channel subtype. 

Molecular biological data for the invertebrate Na-channels are much less complete
with regard to the full-length sequence. Nevertheless the biophysical properties,
pharmacology and gene organization of invertebrate Na-channels are largely similar
to the mammalian ones, supporting the view that an ancient Na-channel was estab-
lished before the evolutionary separation of the invertebrates from the vertebrates
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Fig. 3. Multiple channel types are present in the same neuron
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occurred [46]. However, it is interesting that there is no evidence for Na channels in
the nematode (C. elegans) genome.

Functions of persistent Na-channels

It was mentioned in the introduction that INaP was observed in a number of inverte-
brate preparations, including molluscs. Given that the main tasks of the voltage gated
transient Na-channels are generating and propagating the APs the question arises as
to the consequences of different gatings. Recently we have observed that during con-

Table 1

Human Nav1.9 compared with different vertebrate Nav1.9

Transmembrane segments, %
Ion-channels Total length, %

S1 S2 S3 S4

Monkey_Nav1.9 – 1730AA 87 99 99 99 98
(Macacca mulatta)

Dog_Nav1.9 – 1767AA 80 87 90 92 93
(Canis familiaris)

Mouse_Nav1.9 – 1765AA 75 85 87 90 92
(Mus musculus)

Rat_Nav1.9 – 1765AA 74 84 86 90 93
(Rattus norvegicus)

Average 79 89 90 93 94

Table 2

Invertebrate Nav-channels compared with human_Nav1.9

Different Nav-channels Total length, % S1, % S3, %

House fly (Musca domestica) – 2014AA 70 78 82
Soft-shell clam (Mya arenaria) – 1435AA 69 77 81
Cockroach (Blattela germanica) – 2031AA 68 71 84
Honeybee (Varroa destructor) – 2215AA 68 73 81
Fruit fly (Drosophila melanogaster) – 2131AA 67 72 82
Sea hare (Aplysia californica) – 1993AA 66 70 75
Bird spider (Ornithoctonus huwena) – 1987AA 66 76 81
Squid (Loligo opalascens) – 1784AA 61 73 78
See anemone (Aiptasia pallida) – 1810AA 61 74 80
Pond snail (Lymnaea stagnalis) – – 75

Average 66 73 80



ditioning the INaP was upregulated both in Lymnaea and Helix neurons suggesting its
involvement in a simple form of learning [32, 40].

Another important function of the persistent channels is their role in pain sensa-
tion. TTX-resistant Nav1.9 and Nav1.8 channels have been postulated as possible
candidates for the Na-channel vital to inflammatory and neuropathic pain sensation
[20, 42]. The TTX-sensitive Nav1.7 channel is expressed at high levels in peripheral
sensory neurons, mainly in nociceptive small-diameter DRG neurons. Mutations of
Nav1.7 channel cause inability to sense pain, suggesting that the channel is essential
for nociception in humans [15]. Nav1.3 channel subtype is present only in the embry-
onic state, has persistent properties and plays an important role in the development
of neuronal circuits and in neuropathic pain [42]. Recent findings demonstrate that
neuropathic pain and phantom phenomena parallel with overexpression of Nav1.3 in
spinal cord neurons following injury [61]. These data support a potential role for per-
sistent Na-channels in pain transmission and sensation.

Mutations of Na-channels, that induce epileptic syndromes, have also been report-
ed. It was observed that a common feature of most of the Na-channel mutations is
that removal of the fast inactivation gate initiates noninactivating or persistent Na-
current. Na channelopathy can be connected to a variety of inherited disorders caused
by mutations in Na-channel genes [42].

Recent physiological data on persistent Na-channels have inspired us to revise the
notion that Na-channels are responsible merely for AP generation and propagation.
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