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TTX-resistant sodium currents  
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pyramidal neurons depend on 
extracellular Ca2+ concentration

ABSTRACT
Background: Previous reports reported the presence of TTX-resistant Nav1.8 and Nav1.9 sodium chan-

nels in the cortex pyramidal neurons. A characteristic feature of Nav1.9 channels is activation at voltages 

close to — 70 mV. Therefore, they do not participate directly in the action potential but contribute to the 

regulation of the resting membrane potential. Their physiological role is modulation of cell excitability. 

The aim of the study was to investigate, with the use of patch clamp technique, the dependence of the 

activation thresholds of TTX–resistant sodium currents on the concentration of extracellular calcium in 

medial prefrontal cortex pyramidal neurons in rats.

Results: The recorded values of the threshold of the voltage-dependent sodium currents were in the range 

of -65 mV to -75 mV. This suggests that the sodium currents may result from the presence of Nav1.9 

channels in the rat pyramidal neurons. The threshold for the activation of sodium currents depended on 

the concentration of Ca2+. Increasing the concentration of calcium ions in the extracellular solution by 

5 mM caused the depolarizing shift in the activation potential by about 10 mV. The effect of calcium ion 

concentration on the potential of TTX-resistant currents activation suggests that Nav1.9 channels are 

modulated by extracellular Ca2+ concentration. 

Conclusions: The study has experimentally confirmed that TTX-resistant channels are present in the cell 

membrane of the rat prefrontal cortex pyramidal neurons and may, therefore, take a physiological role 

in the conductivity of sodium currents in a manner dependent on the concentration of extracellular ions.
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INTRODUCTION

Sodium channels present in cell membranes enable 
sodium ions to flow into the cytoplasm, thus increasing 
the electric potential of the membrane or depolarization. 
This phenomenon is a key element of many physiolog-
ical processes, one of the most important of which is 
generation and transmission of neural impulses, includ-
ing those related to pain. Sodium channels comprise 
a varied group, with individual members having sepa-
rate coding genes, their specific opening and closing 
kinetics, as well as location and physiological functions. 

The voltage-gated Nav1.9 sodium channel is 
formed by an a subunit coded by the SCN11A gene. 
It is preferentially expressed in neurons of dorsal root 
ganglia (DRG), trigeminal ganglion neurons and in the 

enteric nervous system [1, 2]. The relation between 
Nav1.9 channels and pain is confirmed by cases of peo-
ple with mutations of this channel, suffering from neu-
ropathic pain [3, 4]. Mutations of this channel caused 
depolarization of resting potential of neurons, facilitating 
spontaneous generation of action potentials. On the 
other hand, mutations of this channel were also found 
in people who did not perceive pain e.g. upon frac-
tures or injuries [5]. Nav1.9 channels are activated at 
the potential of approximately -70 mV, which is lower 
than activation potential for other voltage-gated sodium 
channels, are inactivated slowly, i.e. the sodium current 
disappears slowly over the duration of the activating 
stimulus and is resistant to TTX (tetrodotoxin), a blocker 
of most voltage-gated sodium channels. Because of 
this characteristic, it is thought that Nav1.9 channels 
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regulate the excitability of pain receptors and are an 
important element in the transmission of pain signals 
to the central nervous system [1, 6].

It was accepted until recently that Nav1.9 channels 
are absent in the central nervous system [7], however, 
the presence of the Nav1.9 protein was proven in py-
ramidal neurons of the V layer of prefrontal cortex in 
rats using confocal microscopy and Nav1.9 antibody 
labelling [8, 9]. Previous studies showed that TTX-re-
sistant sodium current in pyramidal neurons of rat 
cortex displays characteristics typical for Nav1.8 and 
Nav1.9 channels [9, 10]. Thus, depending on the 
patch clamp protocol used, it may be a result of cur-
rents from both these channels. The Nav1.9 channel 
probably impacts the membrane potential of pyramidal 
cells because of the fact that its activation potential is 
close to the resting potential of the cell [8]. The goal 
of this work was to study the influence of extracellular 
calcium on the activation threshold of TTX-resistant 
sodium currents in such cells using the patch clamp 
technique. This means that the study of calcium influ-
ence on TTX-resistant currents, a component of which 
includes currents conducted by the Nav1.9 channel is 
a study on the mechanism in which calcium regulates 
the excitability of pyramidal cells. 

Under physiological conditions, the concentration of 
calcium in blood varies in the range between 2.25 mM 
and 2.75 mM. Approximately half of the calcium exists 
in a free ionized form. The influence of chances to cal-
cium concentration on the excitability of the nervous 
system is proven by symptoms related to hypo- and 
hypercalcemia. There are many typical, neurological 
symptoms of hypocalcemia. Typical symptoms include 
tingling, tetany and muscle contractions. Severe hypo-
calcemia may cause seizures [11–16] or be responsible 
for the paradoxical reaction (seizure intensification) to 
phenytoin administered as an anti-seizure medication 
[17]. Neurological and neuromuscular symptoms of 
hypercalcemia yield a different clinical picture and in-
clude changes such as drowsiness, coma, decreased 
muscle strength, adynamia or periodic muscle paralysis 
[18]. The listed symptoms indicate that hypocalcemia 
is the cause of symptoms related to neuromuscular 
hyperexcitability, while hypercalcemia is the cause 
of decreased neuronal or neuromuscular excitability. 
Mechanisms responsible for increased excitability of 
the nervous system in hypocalcemia or for decreased 
excitability in hypercalcemia are not fully known [19]. 

Studies performed on brain slices indicate that 
a decrease of calcium concentration in the extracellular 
solution stimulates spontaneous neural activity. It was 
shown that pre-incubation of samples in a solution with 
low calcium concentration in the presence of synaptic 
transmission inhibitors results in spontaneous nonsyn-
aptic epileptiform activity, increased resting potential 

of the cells and a decrease of the action potential 
activation threshold [20–22]. On the contrary, pre-in-
cubation of brain slices in a solution with increased 
calcium concentration inhibits spontaneous neural 
activity caused by the increased K+ concentration [23]. 
These observations indicate that calcium regulates the 
activity of ion channels engaged in the determination of 
resting potential and of channels responsible for action 
potential generation. In this work, we have studied if and 
how an increase of extracellular calcium concentration 
influences the activation potential of TTX-resistant 
currents. The study was performed on freshly isolated 
and enzymatically/mechanically dispersed pyramidal 
neurons of the rat medial prefrontal cortex [24].

Material and methods

The study was performed on slices of the medial 
prefrontal cortex of 3 weeks old male Wistar rats. After 
application of anaesthesia using ethyl chloride and 
decapitation, the brain was placed in liquid cooled 
down to 0°C, with the following composition (mM): 
saccharose 234, HEPES 15, glucose 11, MgSO4 4, 
KCl 2.5, ascorbic acid 1, NaH2PO4 1. The part of the 
brain containing frontal lobes was cut into 300 μm-
thick slices in a vibratome and placed in a liquid kept 
at room temperature, with the following composition 
(mM): NaCl 118, NaHCO3 25, glucose 6, MgSO4 3, 
KCl 2.5, NaHPO4 1,25, CaCl2 0,5, glutathione 0.01, 
saturated with carbogen (95% O2, 5% CO2). The slices 
were incubated in this solution for 1–6 hours. In order 
to isolate individual pyramidal neurons, the slices were 
placed in a solution with the following composition 
(mM): sodium isothioate 140, glucose 20, HEPES 15, 
MgCl2 4, KCl 2, CaCl2, a part of the prefrontal cortex 
was cut out and subjected to enzymatic activity in the 
same liquid containing added protease (20 μg/20 ml) 
for 20 minutes at 33–37°C. Parts of the prefrontal cortex 
were mechanically dispersed using a glass pipette. The 
cell suspension was placed in a patch clamp recording 
chamber, on a glass pre-coated with Poly-L-lysine (Sig-
ma-Aldrich). Electrophysiological tests were performed 
after approximately 5 minutes.

The functional study of TTX-resistant channels 
used the patch clamp technique in the whole-cell 
configuration, which enables recording of currents 
from the whole cell. The research setup included an 
Axopatch 1D amplifier, a digital-analog converter Digi-
data 1440A, a computer and a reverse microscope 
Olympus IX71. The pClamp10 program (Molecular 
Devices, USA) was used to record and analyse the 
data. A silver chloride measurement electrode was 
placed inside a pipette containing solution with the 
following composition (mM): CsF 110, CsCl 20, NaCl 
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10, HEPES 10, MgCl2 2, EGTA 2. The extracellular 
solution included (mM): NaCl 130, TEA-Cl 30, HEPES 
10, MgCl2 2, CaCl21,5, 4AP 1, CdCl2 0.1. This solution 
was replaced in individual experiments with an identical 
liquid containing TTX (0.5 µM) or:
A)	 a solution with low sodium ion concentration, in 

which the control 130 mM NaCl was replaced with 
a mixture of 10 mM NaCl and 120 mM choline,

B)	 an extracellular solution with increased Ca2+ 
concentration of 6.5 mM and CdCl2 concentration 
of 0.2 mM. All solutions, in which currents were 
recorded contained CdCl2 and, if TTX-resistant 
currents were recorded, also 0.5 µM TTX. Cadmi-
um was added in order to block calcium channels.

Once a high resistance connection was established 
between the measurement pipette and the cell mem-
brane („giga seal”), the membrane was ruptured and 
if the resistance of the connection between the pipette 
and the cell and pipette resistance were satisfactory (> 
300 MΩ and < 10 MΩ, respectively), cellular currents 
were recorded. In order to record the current, a linearly 
increased potential in the range between -110 mV and 
80 mV and with the slope of 0.25 mV/ms was applied 
to the cell membrane. The potential value between 
recordings was maintained at -70 mV. A brief (500 ms) 
potential impulse of -110mV was applied before the 
recording in order to remove the inactivation of sodi-
um channels. All measurements were performed at 
room temperature.

Before the analysis of TTX-resistant currents, the 
linear component corresponding to leak current was 
subtracted from the recorded current, Fig. 1.

The statistical analysis employed: 
C)	 the Shapiro-Wilk test and the Kolmogorov–Smirn-

ov test in order to verify the hypothesis of conformi-
ty of the distribution of the studied characteristics 
with a normal distribution;

D)	 the t-Student test for dependent samples in order 
to verify the hypothesis of statistically significant 
differences between the Imax and Vact values re-
corded under different experimental conditions;

E)	 Wilcoxon signed-rank test, in order to verify the 
hypothesis of significant differences between the 
recorded values, if the distribution of the tested 
characteristic did not conform to a normal distri-
bution;

The analysis was performed on current recordings 
performed on 13 pyramidal neurons obtained from 
5 rats.

Results

The tested cells displayed intracellularly oriented 
currents, some of which were resistant to TTX (Fig. 2A).  

If TTX was absent in the extracellular solution, the 
recordings showed quickly activated and inactivated 
sodium currents characteristic for action potentials and 
slowly activated and inactivated currents susceptible 
to TTX (Fig. 2B). 

TTX-resistant currents depended on the concentra-
tion of sodium ions (Fig. 3). The extracellular solution 
with low Na+ concentration (choline was the main cation 
in the solution) showed an amplitude of the peak TTX-re-
sistant current (Imax) lower than in the control solution 
(30.8 ± 10.5 pA vs. 87.7 ± 15.5 pA, respectively, n = 13, 
p < 0.05). The activation potential of the TTX-resistant 
current (Vact) was -74.8 ± 2.0 mV in the control solution. 

Figure 1. Voltage ramp (from –110 mV to 60 mV) was applied  
to evoke sodium currents. The leak currents were fitted by 
a line to the portion of the current that was more negative 
than -80 mV and then subtracted. The arrow indicates 
the threshold of the voltage-dependent component of the 
inward current.

Figure 2. The effect of TTX on the sodium currents. Voltage 
ramp: from -75 mV (left) to 30 mV(right). A — 0.5 µM  
TTX, B — no TTX added.
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The TTX-resistant solution was characterised by slow 
activation and slow inactivation.

An increase of the extracellular Ca2+ concentration 
from 1.5 to 6.5 mM did not result in statistically signif-
icant differences in the values of the peak current Imax 
(63.2 ± 23.5 pA vs. 96.0 ± 51.9 pA, n = 6, p > 0.5), but it 
influenced the activation potential significantly. The acti-
vation potential was: -69.0 ± 3.5 mV for the control sam-
ple and -59.0 ± 3.4 mV for 6.5 mM Ca2+. An increase of 
the Ca2+ concentration by 5 mM resulted in a statistically 
significant (t-Student test for dependent samples, n = 6, 
p < 0.05) increase of the activation potential by 10 mV 
on average, what constituted approximately 15% of 
the initial value of the activation potential. An increase 
of the Ca2+ concentration shifted the activation of the 
TTX-resistant current by 10 mV towards less negative 
potential values on average, namely, channel activation 
required a more depolarised membrane. 

Several attempts at recording sodium currents in 
calcium-free solution (0 mM Ca2+, 0.1 mM EGTA) were 
undertaken. Recording in calcium-free solution failed 
because of the quick loss of tightness of the pipette-cell 
seal at negative pipette potentials. 

Discussion

The presented results show that in pyramidal neu-
rons of the prefrontal cortex of rats are present currents 
which are: TTX-resistant, dependent on sodium ion con-
centrations, slowly activated and inactivated, with low 
activation potential. These features are characteristic 
for sodium current transmitted by the Nav1.9 channels 
[6]. Expression of TTX-resistant channels (Nav1.9 and 
Nav1.8) and their activity (presence of TTX-resistant 
currents with different activation potentials) was already 
shown before in pyramidal neurons of the prefrontal 
cortex of rats [8–10]. Thus, our electrophysiological 

studies provide additional confirmation of the presence 
of functional, TTX-resistant channels with low activation 
potential in pyramidal cortex neurons of rats. So far, no 
proofs confirming the presence of these channels in the 
prefrontal human cortex are available.

The influence of extracellular calcium on activation 
of sodium channels is a phenomenon observed for 
voltage-gated sodium channels, sensitive to TTX [25]. 
The occurrence of a similar phenomenon in TTX-resis-
tant channels indicates that the activity of calcium ions 
is non-specific. 

The mechanism of extracellular calcium impact on 
sodium channels has not been clearly explained before. 
One of the proposed mechanisms is the mechanism 
in which the membrane potential is shielded by Ca2+ 
ions attracted to the membrane surface by negative 
membrane charges (e.g. hydrophilic phospholipids and 
membrane proteins). This mechanism was proposed by 
Hill [26, 27]. In the case of the proposed mechanism, 
calcium ions disrupt the operation of the sodium chan-
nel membrane potential sensors through neutraliza-
tion/shielding of membrane anionic groups. However, 
this mechanism has not been confirmed in studies 
on the functioning of potassium delayed rectifier KDR 
channels [26]. The cited work showed that extracellular 
calcium does not influence the functioning of the KDR 
channels. Thus, screening of the potential by calcium 
ions would not apply to the aforementioned channel 
and it should be a mechanism equally applicable to Na+ 
and K+ channels. A different action mechanism was pro-
posed for Ca2+ ions by Armstrong and Cot [28]. They 
suggested that calcium binds to the channel protein with 
affinity different in the case of open and closed channel. 
If the closed channel shows higher affinity to Ca2+ than 
the open channel, a transition between the closed and 
the open state would be more difficult if calcium binds 
to the channel. At high calcium concentrations, this 
would result in a shift of the activation threshold towards 
depolarization. This model was confirmed for selected 
channels in studies by Boccaccio et al. [25]. It seems, 
however, that more studies should be performed to 
verify the described models. 

Despite the fact that we are unable to specify the 
mechanism of calcium activity influencing TTX-resistant 
sodium channels, we showed that these are currents 
susceptible to the concentration of extracellular calcium. 
A calcium concentration increase of 5 mM results in 
a shift of the activation potential towards depolarization 
by 10 mV. 

Sodium channels with low activation threshold po-
tentials and slow inactivation do not play a significant 
role in the conduction of activation potential, however, 
they are important in the regulation of resting potential 
and influence cell excitability [6]. The significance of 
the influence of the observed shift in the activation 

Figure 3. The effect of reducing the sodium concentration 
on the recorded currents. Voltage ramp: from -110 mV 
(left) to 60 mV(right). A — 10 mM Na+; B — 130 mM 
Na+. TTX (0,5 μM) was present in A and B.
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threshold of TTX-resistant currents should be explained 
in studies on the influence of calcium on the resting 
potential of cells. The resting potential is determined 
with a significant contribution of other channels, mainly 
potassium leak channels. It is known that intracellular 
calcium blocks some of such channels [29]. In ad-
dition to the leak potassium channels, sodium leak 
channels (NALCN) also influence membrane potential. 
These channels are blocked by extracellular calcium in 
a G-protein dependent mechanism [30]. 

Prefrontal cortex plays an important role in planning, 
initiating and controlling undertaken activities. This area 
participates on attention focusing and is responsible 
for working memory [31]. This is confirmed by stud-
ies on animals which indicate, that prefrontal cortex 
neurons control fear-related memory, natural fear and 
working memory [32–34]. Functional disruptions of 
the prefrontal cortex are observed in neuropsychiatric 
conditions, such as depression [35], bipolar disorder 
[36], anxiety [37], anti-social behaviour disorders [38] 
and schizophrenia. Nav1.9 channels could influence 
prefrontal cortex functions through the influence on 
neural excitability. The presented study contributes to 
future studies on mechanisms controlling the activity of 
TTX-resistant channels in the central nervous system. 
It also indicates that TTX-resistant currents in DRG 
neurons may also be regulated by the concentration 
of extracellular calcium. 

Conclusions

The experimental study confirmed that TTX-resistant 
channels are present in cell membranes of pyramidal 
neurons of the medial prefrontal cortex of rats and 
may thus play a physiological role in the transmission 
of sodium currents dependent on the concentration of 
calcium ions in the extracellular solution.
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