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Damage-sensing nociceptors in the skin provide an indispensable protective function thanks to their specialized ability to 
detect and transmit hot temperatures that would block or inflict irreversible damage in other mammalian neurons. Here 
we show that the exceptional capacity of skin C-fiber nociceptors to encode noxiously hot temperatures depends on two 
tetrodotoxin (TTX)-resistant sodium channel α-subunits: NaV1.8 and NaV1.9. We demonstrate that NaV1.9, which is commonly 
considered an amplifier of subthreshold depolarizations at 20°C, undergoes a large gain of function when temperatures rise 
to the pain threshold. We also show that this gain of function renders NaV1.9 capable of generating action potentials with a 
clear inflection point and positive overshoot. In the skin, heat-resistant nociceptors appear as two distinct types with unique 
and possibly specialized features: one is blocked by TTX and relies on NaV1.9, and the second type is insensitive to TTX and 
composed of both NaV1.8 and NaV1.9. Independent of rapidly gated TTX-sensitive NaV channels that form the action potential 
at pain threshold, NaV1.8 is required in all heat-resistant nociceptors to encode temperatures higher than ∼46°C, whereas 
NaV1.9 is crucial for shaping the action potential upstroke and keeping the NaV1.8 voltage threshold within reach.
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Introduction
Environmental temperature acts as a strong evolutionary 
stressor. It affects multiple adaptive systems and, thereby, con-
tributes to the shaping of the genomes and phenomes of all 
species (Nevo, 2011). For example, nervous systems of lower 
vertebrates and invertebrates are adapted to work best in tem-
peratures from 0°C to 35°C. Between 36°C and 38°C, at which 
mammalian nerve cells are adapted to perform best, mollusk 
axons cease to conduct, because they suffer heat block (Hodgkin 
and Katz, 1949; Volgushev et al., 2000).

Apparently, changing temperature in either direction pro-
foundly affects intrinsic and active properties of excitable mem-
branes and synaptic activities (Volgushev et al., 2000). In rat 
neocortical cells, cooling leads to an increase in input resistance 
and a (near-linear) depolarization of the membrane potential. 
In addition, lowered potassium conductance of two-pore domain 
potassium (2PK)-channel subtypes decreases the total mem-
brane conductance (Volgushev et al., 2000; Enyedi and Czirják, 
2010). Therefore, in mammalian neocortical cells, temperatures 
between 18°C and 24°C create hyperexcitability, whereas at lower 
temperatures, cooling hinders repetitive firing, because it slows 
activation kinetics of sodium channels and also slows recovery 
from inactivation, in part by reducing the afterhyperpolarization 

(Volgushev et al., 2000). This was demonstrated to cause a 
reversible depolarization block in neocortical and hypothalamic 
neurons (Griffin and Boulant, 1995; Volgushev et al., 2000).

In cultured dorsal root ganglion (DRG) cells, tetrodotox-
in-sensitive (TTXs) voltage-gated sodium channels are slowed 
with cooling and, at 10°C, become trapped in a state of slow 
inactivation (Zimmermann et al., 2007). In contrast to cortical 
neurons, the peripheral nociceptive terminals that innervate the 
skin with extended axons are specialized to detect temperature 
extremes that otherwise would produce tissue damage and pain. 
These nociceptors are equipped with several NaV channel α-sub-
units that exhibit fast (NaV1.7) or slow (NaV1.8 and NaV1.9) kinet-
ics (Akopian et al., 1999; Dib-Hajj et al., 2002; Cox et al., 2006). 
The cold-sensitive subpopulations are endowed with the sodium 
channel α-subunit NaV1.8 that serves as frost-resistant ignition 
and enables cold nociceptors to fire at high rates, even at low tem-
peratures (Zimmermann et al., 2007).

Like cold nociceptors, heat-sensitive nociceptors must have 
endured a comparable specialized process of molecular adapta-
tion of their sodium channel subtypes to ensure the detection 
and transmission of damaging heat. In the central nervous sys-
tem (CNS), as was demonstrated with field potentials in (rabbit) 
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hippocampal slices, heating to 43°C leads to an irreversible loss of 
excitability (Shen and Schwartzkroin, 1988). In contrast, 42°C is 
the threshold for the heat response of cutaneous nociceptors, and 
the nerve endings and their cell bodies remain excitable at least 
until 50°C (Vyklický et al., 1999; Lyfenko et al., 2002; St Pierre et 
al., 2009; Zimmermann et al., 2009). To a certain extent, warm-
ing and heating seem to affect the membrane potential in the 
opposite direction from cooling (Volgushev et al., 2000); never-
theless, cellular recordings at temperatures >42°C, as tested for 
example in patch-clamped neurons from hippocampal slices, 
become less reliable and more unstable, and these effects are 
never completely reversible (Shen and Schwartzkroin, 1988). 
Therefore, the exact biophysical effects that lead to inactivation 
or a loss of excitability in central neurons above 43°C are unclear 
and extremely difficult to assess (Fujii and Ibata, 1982; Shen and 
Schwartzkroin, 1988); we hypothesize that, apart from irrevers-
ible changes to proteins, TTXs sodium channels may inactivate. 
How heat-sensitive nociceptors in the skin remain fully excit-
able, and are even able to fire at high rates when their receptive 
field is heated (Bessou and Perl, 1969), has never been addressed. 
In addition to the fast-gated NaV1.7, the most abundant mamma-
lian NaV-channel subtypes in nociceptors are NaV1.8 and NaV1.9. 
Therefore, we hypothesize that molecular adaptation of sodium 
channel subtypes with slow kinetics imparts this evolutionarily 
indispensable capability.

Materials and methods
Animals
C57BL/6J, NaV1.8−/−, and NaV1.9−/− mice weighing between 18 and 
32 g were killed by 100% CO2 and cervical dislocation. Animals 
were conventionally genotyped using commercially available 
primers (Metabion), as described in Zimmermann et al. (2007) 
and Ostman et al. (2008). NaV1.8−/− and NaV1.9−/− mice were a 
kind gift from John Wood (University College London, London, 
UK; Akopian et al., 1999; Ostman et al., 2008) and congenic to 
and mated with C57BL/6J (purchased from Charles River). Mice 
were housed in constant room temperature (22°C) and humidity 
between 40 and 60% under a 12-h light cycle and supplied with 
food and water ad libitum.

Nociceptor recordings
We used the isolated skin-saphenous nerve preparation and sin-
gle-fiber recording technique together with DAP​SYS software 
(Brian Turnquist; www​.dapsys​.net) and a DAP5200a/626 board 
(Microstar Laboratories), as previously described (Zimmermann 
et al., 2009). We recorded from preparations of C57BL/6J-based 
NaV1.8−/−, NaV1.9−/−, and littermate control mice. The skin was 
kept under laminar superfusion of carbogen-gassed synthetic 
interstitial fluid (SIF), pH 7.4, which contained (in mM) 108 
NaCl, 3.48 KCl, 3.5 MgSO4, 26 NaHCO3, 11.7 NaH2PO4, 1.5 CaCl2, 
9.6 sodium gluconate, 5.55 glucose, and 7.6 sucrose (Bretag, 1969). 
Receptive fields of identified mechano-sensitive C-fibers were 
characterized with custom-designed gravity-driven von Frey 
filaments and with respect to thermal responsiveness (ther-
mal stimuli were applied as a 20-s ramp-shaped stimulus from 
30°C to 50°C or as 60-s stimulus, decreasing from 30°C to 5°C in 

a negative exponential shape). The criterion for assigning heat 
responsiveness to a fiber was a discharge of at least two spikes at 
ramp peak. The criterion for assigning cold responsiveness to a 
fiber was adjusted to a discharge of at least three spikes because 
of the longer cold ramp.

For thermal stimulation, the receptive fields were isolated 
from the surrounding fluid with a Teflon ring to reduce heat loss 
(inner diameter, 8 mm; volume, 300–400 µl) and were kept con-
tinuously perfused with SIF or TTX 1 µM at a rate of 10 ml/min, 
at controlled temperatures between 5°C and 50°C. To apply the 
solutions, we used a previously described custom-made counter-
current temperature exchange application system (Zimmermann 
et al., 2009). In brief, the temperature at the receptive field was 
in closest possible proximity to the application system’s outlet 
(inner diameter, 1.5 mm). A 0.25-mm thin thermocouple wire 
(Omega) was placed at the orifice of the outlet, directly above 
the receptive field. Superfusion fluid was applied directly to the 
receptive field’s surface, with the outlet placed at the spot of 
highest mechanosensitivity to avoid thermal gradients from the 
ring center, radially outwards.

For threshold tracking experiments, electrical stimulation 
was performed with the A395 linear stimulus isolator from 
WPI, controlled by our new feedback-regulated threshold track-
ing program (B. Turnquist). In brief, a high-impedance bipolar 
electrode with conical tip (Frederick Haer) was gently placed in 
the receptive field to softly touch the spot of highest mechan-
ical sensitivity (without eliciting mechanically induced action 
potentials). Then the filter window was prepared to (1) select 
for the spike shape of interest and (2) select for the appropri-
ate latency of the spike evoked by electrical stimulation. This 
ensures that mostly electrically evoked spikes are used to oper-
ate the feedback-controlled tracking algorithm; to account for 
temperature-induced slowing and speeding of the latency, a 
recognition time window for the latency was set to include ±70 
ms. During tracking, each incoming spike in the filter window 
creates a digital trigger that operates the electrical stimulator. 
Incoming spikes trigger and set the current one unit lower for the 
next stimulus. Unsuccessful stimuli increase the next stimulus 
by one current unit. For tracking, Δ100 µA was used at a rate of 
1/s, with a stimulus length between 0.5 and 2 ms (adjusted in each 
individual fiber). Before changing the temperature, the receptive 
field was kept at 30°C for at least 120 s to determine a constant 
basal electrical threshold for action potential excitation in each 
nociceptor. Excitability threshold at increasing and decreasing 
temperatures was then determined with a ramp-shaped stim-
ulus, increasing at a rate of 0.07°C/s (± 0.02 SD) from 30°C to 
50°C. Ramps lasted between 240 and 300 s. At any temperature 
at which the excitability was lost, the temperature was held at 
this particular value to allow the stimulus strength to gradually 
increase to reach the threshold again, or the threshold was man-
ually increased by Δ1 mA until the fiber was found to be excitable 
again. Technically, fibers could be tracked up to 10 mA, the maxi-
mal range of the stimulator. Because the basal threshold was con-
stant in each nociceptor recording, but variable between fibers, 
thresholds were normalized to the basal threshold for statistical 
analysis (compare Figs. 10 C and 12 C). This proceeding entails an 
error for the data points at which fibers were not excitable within 
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stimulator range. Therefore, the results presented in the main 
text mention the mean temperature at which the last spike was 
recorded. If possible, the excitability range for all temperatures 
was also measured after application of 1 µM TTX.

The frequency plots were calculated from averaging firing 
rates per °C and subjecting the data to a three-point averag-
ing procedure. If possible, slopes were calculated from linear 
fits of the data points >0.01/s from the first positive increase 
to the data point with the maximum difference between adja-
cent data points.

DRGs
DRG neurons were isolated from all spinal levels of adult mice 
of the C57BL/6J, NaV1.8−/−, and NaV1.9−/− strains, killed by CO2. 
Neurons were collected in 0.6 mg/ml collagenase (type XI, Sig-
ma-Aldrich) and 3 mg/ml protease (Sigma-Aldrich) for 40 min 
at 37°C in DMEM. Cells were washed three times, triturated, and 
plated on poly-d-lysine (0.1 mg/ml) borosilicate glass coverslips 
in serum-free TNB-100 basal medium (Biochrom), supplemented 
with penicillin, streptomycin, and 100 ng/ml nerve growth fac-
tor-7S (Alomone Labs). Recordings were performed between 3 
and 24 h after dissection. In contrast to others, we have not used 
low-temperature incubation to increase the functional expres-
sion of NaV1.9 (Vanoye et al., 2013; Leipold et al., 2015). As in our 
previous studies, we kept the plated DRGs in an incubator at 37°C 
to obtain acceptable patch-clamp conditions for sensory neurons.

N1E-115 and ND7/23 cells
Both cell lines were cultured at 37°C in 5% CO2 in DMEM (Gibco; 
Thermo Fisher Scientific) supplemented with 5 g/liter glucose, 
10% FBS (Biochrom), and 1% penicillin/streptomycin (Biochrom).

Patch-clamp recordings
Whole-cell patch-clamp recordings were conducted with an Axo-
patch 200B amplifier/Clampex 10.4 software (Molecular Devices) 
or EPC 10USB/Patchmaster software (HEKA Elektronik). Glass 
pipettes were fabricated with a P-1000 Micropipette Puller 
(Sutter), with 1.8–3-MΩ resistance for voltage-clamp configura-
tion and 3.5–6-MΩ resistance for current-clamp configuration. 
The bath solution contained (in mM) 140 NaCl, 3 KCl, 1 CaCl2, 1 
MgCl2, 10 HEP​ES, 20 glucose, and 0.1 CdCl2, adjusted to pH 7.4 
with NaOH. In Fig. 5 B (NaV1.8 inactivation time constant), exter-
nal sodium was reduced to 70 mM with 70 mM choline chloride. 
For voltage-clamp recordings, 20 mM TEA-Cl was added. Pipette 
solution for voltage-clamp recordings contained (in mM) 120 
CsCl, 10 NaCl, 10 HEP​ES, 10 EGTA, 2.2 MgCl2, 1.9 CaCl2, 5 TEA-Cl, 
4 MgATP, and 0.2 Na2GTP, pH 7.3, adjusted with CsOH. CsF-based 
pipette solution contained (in mM) 140 CsF, 10 NaCl, 10 HEP​ES, 
1 EGTA, and 5 TEA-Cl, pH 7.3 with NaOH, and was also used for 
voltage-clamp experiments with N1E-115 and ND7/23 cells and 
for assessing NaV1.8 inactivation time constant (Fig. 5 B). 500 
or 1,500 nM TTX was added as indicated. The pipette solution 
for current-clamp recordings contained (in mM) 135 potassium 
gluconate, 4 NaCl, 3 MgCl2, 0.3 Na-GTP, 2 Na2-ATP, 5 EGTA, and 
5 HEP​ES, adjusted to pH 7.3 with KOH. Currents were sampled 
at the rate of 20–100 kHz, based on the protocol type. Series 
resistance was compensated for (65–85%). For voltage-clamp 

recordings, the holding potential was −90 mV. To normalize cur-
rent-clamp recordings and prevent all sodium channel isoforms 
from inactivation, the membrane potential was set to approxi-
mately −80 mV by injecting current; incrementing current pulses 
were injected until the action potential threshold was reached. 
Voltage dependence of activation was measured using 500-ms 
voltage pulses from a holding potential of −90 mV, with 10-mV 
increments up to +30 mV for presumptive NaV1.9 currents or +50 
mV for presumptive NaV1.8 currents. Conductance was derived 
from activation curves using the following equation:

​​G​ Na​​  = ​   ​I​ Na​​ _ ​V​ m​​ − ​E​ rev​​ ​,​

where INa is the peak current amplitude, Vm is the actual voltage 
pulse, and Erev is the reversal potential calculated for each cur-
rent pulse. For comparison of the voltage of half-maximal acti-
vation, the data were least-squares-fitted by using a Boltzmann 
fit according to the following equation:

​​G​ Na​​  =    ​  ​G​ max​​ _ 
1 +   ​e​​ ​ 

​V​ 1/2​​−​V​ m​​ _ k  ​​
 ​,​

where Gmax is the maximum sodium conductance, V1/2 is the 
membrane potential at half-maximal activation, Vm is the mem-
brane voltage, and k is the slope factor. Action potential voltage 
threshold was measured as the value of the inflection point, 
where the rising phase of the action potential clearly deviated 
from the passive response and was fitted with a single or double 
exponential curve.

To control the superfusion temperature, we used a gravi-
ty-driven perfusion system, where the temperature was adjusted 
as described previously (Dittert et al., 2006). For voltage- and 
current-clamp experiments, single DRGs were measured at three 
different temperatures (starting at 20°C, followed by 10°C and 
30°C or 20°C, followed by 37°C and 43°C, respectively) 3–8 min 
after establishing the whole-cell mode. For voltage-clamp exper-
iments, in each group at least three cells were tested by chang-
ing the order of temperature application (first applying 30°C or 
43°C and then 10°C or 20°C) or measuring one consecutive acti-
vation protocol at 20°C at the end of the protocol to ensure that 
the increase in current density observed for presumptive NaV1.9 
currents (measured in DRGs derived from NaV1.8-deficient mice 
with TTX and either CsCl or CsF in the pipette) were reversible 
and caused by the temperature change. During voltage-clamp 
experiments with CsF, we observed a continuous increase in cur-
rent amplitude followed by a decrease of the current, similar to 
the description of previous authors (Rugiero et al., 2003; Coste et 
al., 2004). This effect is apparent in Fig. 2 (E and F) and Fig. 4 C; 
however, we found no systematic influence on the observed tem-
perature-induced effects.

Animal behavior
The protocol for in vivo experiments in animals was reviewed by 
the local animal ethics committee (University of Erlangen) and 
approved by the local district government. Experiments involv-
ing live animals were conducted in accordance with the Interna-
tional Association for the Study of Pain Guidelines for the Use of 
Animals in Research. Mice were anesthetized with sevoflurane 
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and injected with TTX (20 µl, 3 µM) intracutaneously in the plan-
tar hindpaw skin. Mice were placed in an acrylic glass chamber 
with a Kevlar grid surface. The Hargreaves infrared probe (Ugo 
Basile) was placed under the plantar surface, and the latency was 
automatically recorded as soon as the mouse withdrew. Cutoff 
time of the heat pulse was set to 30 s to avoid tissue damage. Mice 
were habituated 1 d before the experiment and also 1 h before 
the first measurement. Paw withdrawal latency was measured 
4–10 min after the mouse had received the TTX injection and 
had regained consciousness. TTX effects lasted for maximum 
10 min. Eight mice per genotype were measured, and at least 
two consecutive measurements were performed on the same 
hindpaw with minimal time difference of 3 min and maximal 
of 6 min between measurements. Values measured on the same 
hindpaw were averaged. The measurements were repeated with 
the same mouse groups after 5 d, and TTX was applied on the 
contralateral side. The experimenter was blinded to the geno-
type and injection.

Data analysis and statistics
Patch-clamp electrophysiological data were analyzed using 
Clampfit 10 (Molecular Devices), HEKA Fitmaster (HEKA Elek-
tronik), and Igor Pro 5.2–6.0 (Wavemetrics) with NeuroMatic 
and custom-build (Hampl et al., 2016) extensions. Origin 8.5 and 
Corel Draw X6 were used for graphical interpretation. Data are 
depicted as means ± SEM if not otherwise indicated. Student’s 
paired and unpaired t test, ANO​VA followed by Tukey's honestly 
significant difference (HSD) post hoc test, or Mann–Whitney U 
test were used where appropriate and calculated with Statistica 
6 (formerly StatSoft) and SPSS (IBM) v.21 when not otherwise 
indicated. Significance is indicated in figures with asterisks:  
*, P < 0.05; **, P < 0.01; and ***, P < 0.001.

Results
Dynamic range of high temperature encoding in nociceptors
When receptive fields of heat-sensitive nociceptors in the skin are 
exposed to noxious heat, they encode and transmit the information 

to the CNS. In isolated skin-nerve preparations, rat and mouse 
nociceptors can repeatedly respond to a 50°C heat stimulus (St 
Pierre et al., 2009; Zimmermann et al., 2009) with propagated 
action potentials, but most polymodals undergo conduction block 
between 50°C and 60°C (Fig. 1, A and C, white circles). Some noci-
ceptors (2 of 10) seem capable of encoding higher temperatures 
between 60°C and 70°C once and for a few seconds without suf-
fering inactivation (Fig. 1, B and C). After 70°C exposure, the skin 
suffers visible burn damage, and nociceptors may be destroyed 
or left with ongoing injury discharge when the skin temperature 
returns to ambient temperature (Fig. 1 B). To identify the partic-
ular subtypes of NaV channels that are essential for electrogen-
esis at high temperatures, we used whole-cell recordings from 
dissociated DRG neurons, the cell bodies of the skin nociceptors.

Rising temperatures raise the NaV1.9 current more than any 
other NaV current
Using the voltage-clamp configuration, we found that especially 
TTX-resistant (TTXr) currents undergo a remarkable speeding 
of their kinetics with heating. The speeding of the sodium cur-
rent activation kinetics was profound in one particular subgroup 
of small-diameter DRG neurons (<27 µm) that were derived from 
NaV1.8−/− animals and measured in the presence of 500 nM TTX 
in the extracellular solution (Fig. 2 A, left). The sodium current 
in this subgroup showed the typical attributes of NaV1.9 with 
slow activation kinetics and persistent current (Tate et al., 1998; 
Cummins et al., 1999; Dib-Hajj et al., 2002). In addition, this cur-
rent was clearly distinguishable from the current produced by 
NaV1.8, which activates at more positive voltage values and shows 
a faster kinetic of activation and inactivation (Fig. 2 C, left). The 
midpoints of activation (V1/2) values (determined by a Boltzmann 
fit) for presumed NaV1.8 current assessed in NaV1.9−/− DRGs in the 
presence of 500 nM TTX were −16 ± 2 mV at 20°C, −12 ± 1 mV at 
30°C, and −19 ± 1 mV at 10°C (n = 5, P = 0.02). For NaV1.9-like cur-
rents of NaV1.8−/− neurons, the corresponding values were −33 ± 
2 mV at 20°C and −29 ± 1 mV at 30°C (n = 6, P = 0.02). At 10°C, the 
amplitude of the peak current was too small and the kinetics of 
NaV1.9 too slow to be quantified.

Figure 1. Cutaneous polymodal nociceptors are heat resistant, and some encode up to 70°C. (A and B) Original recordings from two polymodal noci-
ceptors innervating receptive fields in mouse saphenous-nerve innervated skin. Instantaneous discharge rates in response to superfusion heating of the 
receptive field are shown. Each circle represents one action potential. Heat stimuli were ramp-shaped and are plotted as a temperature time course, with the 
temperature scale indicated on the right. The light and dark red bars mark action potentials discharged above 50°C or 60°C, respectively. (A) Ramp-shaped 
heating at a rate of 0.75°C/s from 30°C to 60°C. The fiber encodes the temperature until 55°C before it ceases to discharge. (B) Ramp-shaped heating at a rate 
of 1°C/s; the fiber encodes the temperature until 70°C, but after the stimulus, nerve and receptive field are left with ongoing activity at 32°C. (C) 10 mouse 
polymodal nociceptors were subjected to ramp-shaped heating from 30° to at least 60°C. The temperature of the last action potential in response to heating is 
given. Most fibers inactivate between 50°C and 60°C (white circles; n = 8). Some nociceptors encode >60°C (n = 2; black circles). The arrows mark the original 
recordings illustrated in A and B.
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For NaV1.9, increasing the temperature from 20°C to 30°C had 
a large impact on the speeding of activation and inactivation, and 
induced a large increase (4.0-fold) in the peak current (−585.8  

± 135.7 pA, n = 9, to −2,342.8 ± 448.8 pA, n = 8, P = 0.002; Fig. 2 A, 
right) and a similar increase (3.8-fold) in the conductance (8.3 ± 
1.2 nS, n = 8, to 31.5 ± 8.1 nS, n = 6, P = 0.006; Fig. 2 B). Although the 

Figure 2. NaV1.9 undergoes a larger warming-induced gain of function than NaV1.8. Neurons were held at −90 mV and stimulated with 500-ms voltage 
pulses from −90 mV up to +50 mV. (A, C, and E, left panels) Sample traces of the specific voltage-gated sodium currents at three indicated temperatures. (A, 
C, and E, right panels; and B, D, and F) The effect of temperature on the voltage-dependence of activation and the conductance, respectively. (A–D) Presump-
tive NaV1.9 current from a cultured small-diameter NaV1.8−/− DRG (A and B) and NaV1.8 current from a NaV1.9−/− DRG (C and D), both recorded in the presence 
of 500 nM TTX with a CsCl-based pipette solution at 10°C, 20°C, and 30°C. An increase in temperature from 20°C to 30°C enlarged the NaV1.9 (CsCl) peak 
current amplitude 4.0-fold (−585.8 ± 135.7 pA, n = 9, to −2,342.8 ± 448.8 pA, n = 8, P = 0.002) and the conductance 3.8-fold (8.3 ± 1.2 nS, n = 8, to 31.5 ± 8.1 
nS, n = 6, P = 0.006). In contrast, the NaV1.8 peak current amplitude increased 1.6-fold (−4,444.3 ± 1,275.6 to −7,147.6 ± 2,005.5 pA, n = 8) and the conductance 
1.7-fold (68.6 ± 20.8 to 117.1 ± 35.8 nS, n = 8, P > 0.05). (E and F) Presumptive NaV1.9 current from small-diameter NaV1.8−/− DRG, acquired with a CsF-based 
pipette solution and in the presence of 1,500 nM TTX at 20°C, 37°C, and 43°C, showed a 4.9-fold increase in the peak current amplitude at 37°C compared 
with 20°C (−1,388.7 ± 208.2 pA, n = 15, to −6,844.0 ± 1,108.4 pA, n = 17, P = 0.0001) and a 4.3-fold increase in the conductance (24.5 ± 3.4 nS, n = 15, to 106.1 
± 17.1 nS, n = 16, P = 0.0003). At 43°C, peak current and conductance were not significantly different from 37°C. Data are depicted as means ± SEM. *, P < 0.05;  
**, P < 0.01; and ***, P < 0.001 (one-way ANO​VA with Tukey HSD).
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peak current conductance at 30°C is higher for NaV1.8 compared 
with NaV1.9 (117.1 ± 35.8 nS for NaV1.8 vs. 31.5 ± 8.1 nS for NaV1.9; 
Fig. 2, C and D), the potentiating effect of the 10°C temperature 
rise from 20°C to 30°C was much smaller on NaV1.8, where the 
peak current amplitude increased 1.6-fold (from −4,444.3 ± 1,275.6 
to −7,147.6 ± 2,005.5 pA, n = 8, P > 0.05) and the conductance 1.7-
fold (from 68.6 ± 20.8 to 117.1 ± 35.8 nS, n = 8, P > 0.05) at the indi-
cated voltages (Fig. 2, A and C, right; Fig. 2, B and D; and Table 1).

Next, we measured the sodium current activation at higher 
temperatures and compared the effect of 20°C, 37°C, and 43°C 
in the same cell. In contrast to previous experiments, we used 
a fluoride-based (CsF) and not chloride-based (CsCl) intracel-
lular solution. Fluoride induces a leftward shift of the voltage 
dependence of activation in NaV1.9 and potentiates the current 
amplitude (Rugiero et al., 2003; Coste et al., 2004). Fluoride also 
facilitates seal formation and improves seal stability, which is 
desirable for measurements at higher temperature. The sodium 
peak current, apparently from NaV1.9 (derived from NaV1.8-de-
ficient neurons with 1,500 µM TTX), increased from −1,388.7 ± 
208.2 pA, n = 15, at 20°C to −6,844.0 ± 1,108.4 pA, n = 17, at 37°C 
and −5,828.9 ± 1,168.5 pA, n = 9, at 43°C. Compared with 20°C, this 
represents a 4.9-fold increase at 37°C (P < 0.0001) and a 4.2-fold 
increase at 43°C (P = 0.005; Fig. 2 E, right). The conductance at 
peak current changed from 24.5 ± 3.4 nS (20°C, n = 15) to 106.1 ± 
17.1 nS (37°C, n = 16, 4.3-fold) and 105.2 ± 20.6 nS (43°C, n = 9, 4.3-
fold; P = 0.0003 between 20°C and 37°C and P = 0.002 between 
20°C and 43°C; Fig. 2 F and Table 2).

To obtain a quantification of the effect of high temperatures 
on the TTXs currents, we measured the native TTXs currents 
in rodent neuroblastoma cell lines ND7/23 and N1E-115 (Fig. 3). 
These cell lines are not equivalent to the physiological environ-
ment and the particular NaV channel subtypes present in DRG 
neurons, because they predominantly express NaV1.7 and NaV1.6 
(ND7/23; Rogers et al., 2016) and NaV1.3 (N1E-115; Jo and Bean, 
2011) and are devoid of TTXr subtypes, but they allow insight 
into the effects of high temperature on the isolated TTXs current 
component, which is complicated to achieve in DRGs.

In ND7/23 cells, the TTXs peak current amplitude (0 mV) 
remained almost unchanged at 20°C and 37°C, and was −2,335.0 ± 
302 pA (20°C) and −2,314.1 ± 344 pA (37°C), respectively (n = 20). 
Between 20°C and 43°C, the peak current amplitude decreased 
to −1,605.4 ± 151 pA (n = 20, 0.7-fold; Fig. 3 A). The peak current 
conductance was 37.1 ± 5.1 nS at 20°C, n = 20, and remained 
unchanged at 37°C (37.6 ± 5.7 nS, n = 17) and decreased to 25.0 ± 
5.0 nS at 45°C, n = 16 (0.7-fold change; Fig. 3 B).

In N1E-115 cells, the peak current amplitude increased 1.2-
fold, from −3,210.0 ± 310.6 pA (20°C) to −3,776.0 ± 294.8 pA 
(37°C), and then decreased to −2,350.0 ± 296.6 pA at 43°C (n = 
10, 0.7-fold, P = 0.047 for peak current amplitude between 37°C 
and 43°C; Fig. 3 C). The peak current conductance changed 1.3-
fold, from 46.9 ± 5.7 nS (n = 10, 20°C) to 58.9 ± 6.5 nS (n = 10, 37°C) 
and was reduced to 30.1 ± 6.7 nS at 43°C (n = 9, 0.6-fold, P = 0.01 
between 37°C and 43°C; Fig. 3 D and Table 2). Apparently, when 
temperatures rise to the heat threshold, TTXs currents undergo 

Table 1. Summary of electrophysiological parameters determined for TTXr sodium channels NaV1.9 and NaV1.8. Parameters were measured in DRGs 
isolated from NaV1.8- or NaV1.9-deficient mice in the presence of 500 nM TTX and at 10°C, 20°C, and 30°C

Channel Peak current (pA) Conductance (nS) Integrated peak area 
(pA)

Inactivation time 
constant (ms)

Time to peak (ms)

10°C 20°C 30°C FC 10°C 20°C 30°C FC 10°C 20°C 30°C FC 20°C 30°C FC 10°C 20°C 30°C FC

NaV1.9 −585.8  
± 135.7

−2,342.8  
± 448.7

4.0 8.3  
± 1.2

31.5  
± 8.1

3.8 4.9  
± 1.3

22.0 
± 6.8

4.5 31.0  
± 9.1

8.0  
± 1.2

3.9 40.7  
± 11.2

12.2 
± 1.9

3.5  
± 0.5

3.3, 
3.5

NaV1.8 −2,120  
± 876.8

−4,444.3  
± 1,275.6

−7,147.6  
± 2,005.5

1.6 32.2  
± 13.7

68.6  
± 20.8

117.1  
± 35.8

1.7 9.7  
± 3.2

15.7 
± 4.9

13.8 
± 4.2

0.9 2.5  
± 0.3

0.9  
± 0.1

2.8 6.4  
± 0.3

2.9  
± 0.2

1.3  
± 0.1

2.2, 
2.2

All recordings were made with CsCl in the pipette solution. FC, fold change comparing 30°C with 20°C.

Table 2. Summary of electrophysiological parameters determined for the TTXr sodium channel NaV1.9 and TTXs sodium channel subtypes. The 
parameters were measured in DRGs isolated from NaV1.8-deficient mice in the presence of 1,500 nM TTX and in the ND7/23 and N1E-115 cell lines

Current Peak current (pA) Conductance (nS) Integrated peak area (pA) Time to peak (ms)

20°C 37°C 43°C FC 20°C 37°C 43°C FC 20°C 37°C 43°C FC 20°C 37°C 43°C FC

NaV1.9 −1,388.7 
± 208.2

−6,844  
± 1,108.4

−5,828.9  
± 1,168.5

4.9, 
4.2

24.5  
± 3.4

106.1  
± 17.1

105.2  
± 20.5

4.3, 
4.3

9.4  
± 1.5

43.5  
± 6.7

30.5  
± 4.8

4.6, 
3.2

34.6  
± 5.0

2.4  
± 0.3

1.1  
± 0.1

14.4, 
31.5

TTXs in 
ND7/23

−2,335.0 
± 302.0

−2,314.1  
± 344.0

−1,605.4  
± 151.0

1.0, 
0.7

37.1  
± 5.1

37.6  
± 5.7

25.0  
± 5.0

1.0, 
0.7

2.0  
± 0.2

0.6  
± 0.1

0.4  
± 0.1

0.3, 
0.2

0.58  
± 0.03

0.24  
± 0.02

0.19  
± 0.01

2.4, 
3.1

TTXs in 
N1E−115

−3,210.0 
± 310.6

−3,776.0  
± 294.8

−2,350.0  
± 296.6

1.2, 
0.7

46.9  
± 5.7

58.9  
± 6.5

30.1  
± 6.7

1.3, 
0.6

4.4  
± 0.4

2.6  
± 0.2

1.5  
± 0.1

0.6, 
0.3

0.79  
± 0.05

0.37  
± 0.03

0.30  
± 0.03

2.1, 
2.6

All recordings were made with CsF in the pipette solution at 20°C, 37°C, and 43°C. FC, fold change comparing 37°C and 43°C with 20°C.
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a decline of their peak current and NaV1.9 reaches a maximum 
of its peak current and conductance and then remains rela-
tively constant.

Next, we calculated the integrated peak current (area under 
the curve [AUC]) of the sodium current from the entire peak 
current including the inactivation component, but excluding the 
persistent current. This quantifies the amount of sodium ions 
fluxing across the respective NaV channel subtypes at each volt-
age (Fig. 4). At 30°C, compared with 20°C, the NaV1.9 currents 
underwent a large, temperature-induced increase from 4.9 ± 
1.3 to 22.0 ± 6.8 pA (n = 7, at −20 mV, P = 0.025; Fig. 4 A); this 
represented a 4.5-fold increase of the AUC at the voltage of the 
maximal peak current. In contrast, the amount of current for 
NaV1.8 (NaV1.9-deficient neurons with 500 µM TTX in the bath 
and CsCl in the pipette solution) remained constant over the 
entire temperature range (0.9-fold at the voltage of the maxi-
mal peak current; Fig. 4 B and Table 1). The respective integrated 
peak current was 15.7 ± 4.9 pA at 20°C, 13.8 ± 4.2 at 30°C, and 9.7 
± 3.2 at 10°C (n = 8, P > 0.05; Fig. 4 B). At higher temperatures, 

the maximal integrated peak area for NaV1.8-deficient neurons 
with 1,500 µM TTX in the bath and CsF in the pipette solution 
changed 4.6-fold, from 9.4 ± 1.5 pA at 20°C, n = 16, to 43.5 ± 6.7 pA 
at 37°C, n = 18, and was 3.2-fold changed to 30.5 ± 4.8 pA, n = 11, 
at 43°C (P < 0.0001 between 20°C and 37°C, P = 0.026 between 
20°C and 43°C; Fig. 4 C and Table 2). These findings indicate an 
increasing contribution of NaV1.9 to the action potential current 
when temperatures rise.

In contrast, the integrated peak current area of the TTXs cur-
rent of ND7/23 cells was reduced from 2.0 ± 0.2 pA, n = 24, at 
20°C to 0.6 ± 0.1 pA, n = 21, at 37°C (0.3-fold, P < 0.0001) and 
appeared further reduced to 0.4 ± 0.1 pA, n = 21, at 43°C (0.2-fold, 
P < 0.0001; Fig. 4 D). Similar results were obtained for the N1E-
115 cell line, where the maximal integrated peak area decreased 
from 4.4 ± 0.4 pA at 20°C to 2.6 ± 0.2 pA at 37°C, and to 1.5 ± 0.1 
pA at 43°C (n = 10, P < 0.0001 between 20°C and 43°C, P = 0.018 
between 37°C and 43°C; Fig. 4 E and Table 2).

To quantify the effect of temperature on the speeding of 
the inactivation kinetics, we calculated the inactivation time 

Figure 3. Warming reduces TTXs native sodium currents recorded from ND7/23 and N1E-115 cells. Cells were voltage-clamped at −90 mV and stimu-
lated with 100-ms voltage pulses from −90 mV up to +40 mV using a CsF-based pipette solution. (A and C, left panels) Sample traces of the TTXs currents in 
ND7/23 (A) and N1E-115 (C) cells at three indicated temperatures. (A and C, right panels; and B and D) The effect of temperature on the voltage-dependence 
of activation and the conductance, respectively. (A and B) In ND7/23 cells, the TTXs peak current amplitude remained unchanged between 20°C and 37°C 
(−2,335.0 ± 302 pA, n = 20, to −2,314.1 ± 344 pA, n = 20) and decreased at 43°C (−1,605.4 ± 151 pA, n = 16). The effect of the temperature increase on the peak 
current conductance was similar (37.1 ± 5.1 nS at 20°C, n = 20; 37.6 ± 5.7 nS at 37°C, n = 17; and 25.0 ± 5.0 nS at 43°C, n = 16). (C and D) In N1E-115 cells, the 
TTXs peak current amplitude increased slightly between 20°C and 37°C (−3,210.0 ± 310.6 to −3,776.0 ± 294.8 pA) and decreased at 43°C (−2,350.0 ± 296.6 pA, 
n = 10, P = 0.047 between 37°C and 43°C). The effect of the temperature increase on the peak current conductance was similar (46.9 ± 5.7 nS at 20°C, n = 10; 
58.9 ± 6.5 nS at 37°C, n = 10; and 30.1 ± 6.7 nS at 43°C, n = 9, P = 0.01 between 37°C and 43°C). Data are depicted as means ± SEM. *, P < 0.05; **, P < 0.01; 
and ***, P < 0.001 (one-way ANO​VA with Tukey HSD).
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constant τ at the voltage of peak current as illustrated in the inset 
of Fig. 5 B. τ of NaV1.9 at 20°C was 31.0 ± 9.1 ms, n = 5, and speeded 
to 8.0 ± 1.2 ms, n = 7, at 30°C, which represents a 3.9-fold increase 
(P = 0.01; Fig. 5 A). NaV1.8 exhibited much faster values; 2.5 ± 0.3 
ms at 20°C and 0.9 ± 0.1 ms at 30°C (n = 5), which corresponds to 
a 2.8-fold increase (P = 0.01; Fig. 5 B and Table 1).

As a measure of the speeding of the activation kinetics, we 
quantified the time to peak for the NaV-channel subtypes and 

found that changing temperature from 10°C to 20°C or 30°C in 
DRGs of NaV1.8−/− with 500 nM TTX in the bath reduced the time 
to peak of the presumptive NaV1.9 current from 40.7 ± 11.2 to 12.2 
± 1.9 ms and to 3.5 ± 0.5 ms, respectively (n = 8; measured at −20 
mV; Fig. 6 A). Between 10°C and 20°C, this represented a 3.3-fold 
change (P = 0.0004), and between 20°C to 30°C the change was 
3.5-fold (P > 0.05; Fig. 6 F). DRGs derived from NaV1.9−/− with 
500 nM TTX in the bath measured at 10°C, 20°C, and 30°C had 

Figure 4. Warming increases current density of NaV1.9 more than that of NaV1.8 or TTXs. Shown are the measurements of the integrated peak current 
area for each voltage pulse (including the inactivation component and excluding the persistent current) at three indicated temperatures. Neurons were held 
at −90 mV and stimulated with 500-ms voltage pulses from −90 mV up to +50 mV. In A and B, recordings were obtained in the presence of 500 nM TTX using 
a CsCl-based pipette solution; in C, 1,500 nM TTX; and in C–E, a CsF-based pipette solution was used. (A) The current density of putative NaV1.9 recorded 
from cultured small-diameter NaV1.8−/− DRGs increased from 4.9 ± 1.3 pA at 20°C to 22.0 ± 6.8 pA at 30°C (at −20 mV, n = 7, P= 0.025). (B) The NaV1.8 current 
density recorded from NaV1.9-deficient DRGs remained largely unchanged and was 15.7 ± 4.9 pA at 20°C, 13.8 ± 4.2 at 30°C, and 9.7 ± 3.2 at 10°C (n = 8, P > 
0.05). (C) At higher temperatures, the current density of the putative NaV1.9 current increased from 9.4 ± 1.5 pA at 20°C, n = 16, to 43.5 ± 6.7 pA at 37°C, n = 
18, and to 30.5 ± 4.8 pA at 43°C, n = 11; P < 0.0001 between 20°C and 37°C and P = 0.026 between 20°C and 43°C). (D) The integrated peak current area of the 
TTXs sodium currents recorded from ND7/23 were reduced from 2.0 ± 0.2 pA, n = 24, at 37°C to 0.6 ± 0.1 pA, n = 21, at 20°C (P = 0.0001) and to 0.4 ± 0.1 pA, n 
= 21, at 43°C (P < 0.0001). (E) Similarly, the integrated peak current area of the TTXs sodium currents recorded from the N1E-115 cell line decreased from 4.4 
± 0.4 pA at 20°C to 2.6 ± 0.2 pA at 37°C (P = 0.0001), and to 1.5 ± 0.1 pA at 43°C (n = 10; P < 0.0001 between 20°C and 43°C and P = 0.018 between 37°C and 
43°C). Data are depicted as means ± SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (one-way ANO​VA with Tukey HSD).

Figure 5. Warming speeds the inactivation time 
constant τ of the TTXr sodium channels. (A and 
B) The warming-induced increase in channel kinet-
ics is illustrated by the reduction of the inactivation 
time constant, which decreased from 31.0 ± 9.1 ms at 
20°C, n = 5, to 8.0 ± 1.2 ms at 30°C, n = 7 (P = 0.01) for 
NaV1.9, measured at −20 mV (A) and from 2.5 ± 0.3 
ms at 20°C to 0.9 ± 0.1 ms at 30°C, n = 5 (P = 0.01) 
for NaV1.8, measured at 0 mV (B). This corresponded 
to decreases of 74% and 68%, respectively. Data are 
depicted as means ± SEM. *, P < 0.05; **, P < 0.01 
(Student’s t test).
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times to peak of 6.4 ± 0.3, 2.9 ± 0.2, and 1.3 ± 0.1 ms (n = 7, mea-
sured at −10 mV; Fig. 6 B), which corresponded to a speeding of 
the activation kinetic of 2.2-fold increases for both between 10°C 
and 20°C (P = 0.0008) and between 20°C and 30°C (P = 0.0003; 
Fig. 6 F and Table 1).

Remarkably, when testing higher temperatures of 37°C and 
43°C with CsF-based intracellular solution, the times to peak for 
the presumptive NaV1.9 current were further decreased: 2.4 ± 
0.3 ms at 37°C (n = 20) and 1.1 ± 0.1 ms at 43°C (n = 11; Fig. 6 C) 
compared with 34.6 ± 5.0 ms at 20°C (n = 17). This corresponded 
to a speeding of 14.4-fold between 20°C and 37°C (P < 0.0001), 
and 31.5-fold between 20°C and 43°C (P < 0.0001; Fig. 6 F). In the 
ND7/23 cell line, the time to peak of the TTXs current was 0.58 
± 0.03 ms at 20°C (n = 24), 0.24 ± 0.02 ms at 37°C (n = 20), and 
0.19 ± 0.01 ms at 43°C (n = 22; Fig. 6 D), which corresponded to a 
2.4-fold change between 20°C and 37°C (P < 0.0001) and a 3.1-fold 
change between 20°C and 43°C (P = 0.0001; Fig. 6 F). In N1E-115 
cells, the time to peak of the TTXs current was comparable: 0.79 
± 0.05 ms at 20°C, 0.37 ± 0.03 ms at 37°C, and 0.30 ± 0.03 ms at 
43°C (n = 10, Fig. 6 E), and this corresponded to a speeding of 2.1-
fold between 20°C and 37°C (P < 0.0001) and 2.6-fold between 
20°C and 43°C (P < 0.0001; Fig. 6 F and Table 2).

Effects of increasing temperatures on membrane potential and 
input resistance
Because increasing temperature affects the cell parameters 
either specifically, through direct action on kinetics and chan-
nel gating, or nonspecifically, by reducing the quality of the seal 
and increasing the leak current, we first assessed nonspecific 
systematic effects of temperature on membrane voltage and 
input resistance. Our current clamp recordings at 20°C did not 
reveal any significant differences for the resting membrane 
potential between each group of DRGs derived from the differ-
ent mouse strains. An increase in the temperature by 17°C from 
20° to 37°C depolarized the mean resting membrane potential 
in all DRG recordings between 2 and 4 mV (NaV1.8-deficient 
neurons in the presence of 500  µM TTX at 20°C/37°C: −56.3 
± 1.9/−53.3 ± 4.4 mV, n = 7, P = 0.29, paired t test; NaV1.9-de-
ficient neurons in the presence of 500 µM TTX at 20°C/37°C: 
−57.3 ± 2.7/−52.8 ± 2.2 mV, n = 11, P = 0.026, paired t test; NaV1.8- 
and NaV1.9-positive cells in the presence of 500  µM TTX at 
20°C/37°C: −55.2 ± 2.0/−53.1 ± 1.7 mV, n = 13, P = 0.044, paired 
t test), but there were no significant differences between the 
groups (ANO​VA followed by Tukey HSD post hoc test). After 
the 17°C increase in temperature, the input resistance appeared 

Figure 6. Warming-induced speeding of the sodium channel activation kinetics quantified as time to peak. Neurons were held at −90 mV and stimu-
lated with 500-ms voltage pulses for DRGs and 100-ms pulses for TTXs currents from −90 mV up to +50 mV. The times to peak were calculated from the peak 
current amplitude at each voltage. (A and B) Recordings refer to NaV1.8- and NaV1.9-deficient cultured DRGs and were acquired at 10°C, 20°C, and 30°C using 
a CsCl-containing pipette solution in the presence of 500 nM TTX. (C) Recordings refer to NaV1.8-deficient cultured DRGs and were acquired at 20°C, 37°C, 
and 43°C using a CsF-containing pipette solution in the presence of 1,500 nM TTX. (D and E) The TTXs current derived from ND7/23 and N1E-115 cell lines, 
respectively, were recorded with CsF in the pipette. (F) The largest change in time to peak was observed for the presumed NaV1.9 current, which decreased 
14.4-fold from 34.6 ± 5.0 ms at 20°C, n = 17, to 2.4 ± 0.3 ms at 37°C, n = 20, and 31.5-fold to 1.1 ± 0.1 ms at 43°C, n = 11. The changes in the TTXs currents were 
between 2.1- and 3.1-fold. Compare also Table 1 with Table 2. Data are depicted as means ± SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (one-way ANO​VA 
with Tukey HSD).
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reduced in all three groups of DRGs (NaV1.8-deficient neurons 
in the presence of 500 µM TTX at 20°C/37°C: 760 ± 194/608 ± 
128 MΩ, n = 17, P = 0.4, paired t test; NaV1.9-deficient neurons 
in the presence of 500 µM TTX at 20°C/37°C: 536 ± 113/355 ± 
45 MΩ, n = 14, P = 0.055, paired t test; NaV1.8- and NaV1.9-pos-
itive cells in the presence of 500 µM TTX at 20°C/37°C: 1151 ± 
169/720 ± 107 MΩ, n = 12, P = 0.010, paired t test). The difference 
between the NaV1.9-deficient DRGs and DRGs from the C57BL/6J 
background strain appeared significant for both temperatures 
(P = 0.039 at 20°C and 0.048 at 37°C, ANO​VA, followed by Tukey 
HSD post hoc test).

In our measurements, we did not further differenti-
ate between heat-sensitive and heat-insensitive DRG neu-
rons, because heat-activated inward currents in cultured 
DRGs are exclusively caused by TRPV1 (Caterina et al., 2000; 
Zimmermann et al., 2005), whereas, according to behavioral 
experiments, heat transduction depends on the combination of 
three transducers, TRPA1, TRPM3, and TRPV1 (Vandewauw et 
al., 2018), and according to a large mRNA analysis, the expres-
sion of these three transducers is restricted to DRG subgroups 
that also express NaV1.9 (Usoskin et al., 2015). To prevent a bias 
of the recordings caused by inconstant leak current, we man-
ually clamped all cells at a virtual resting membrane potential 
of −80 mV, thereby keeping all NaV channel isoforms in the 
resting state. With increasing temperature, the injected bias 
current was elevated accordingly. NaV1.8-deficient neurons 
with 500 µM TTX at 20°C/37°C required −261 ± 81/−283 ± 85 
pA, n = 18, P = 0.123, paired t test; NaV1.9-deficient neurons with 
500 µM TTX at 20°C/37°C were injected with −223 ± 88/−250 ± 
65 pA, n = 9, P = 0.5, paired t test, and, NaV1.8- and NaV1.9-posi-
tive cells with 500 µM TTX at 20°C/37°C needed −101 ± 18/−148 
± 31 pA (n = 22, P = 0.004, paired t test). No significant differ-
ences between the injected currents were apparent for the dif-
ferent groups of DRGs for both temperatures (ANO​VA, followed 
by Tukey HSD post hoc test).

This analysis ruled out large nonspecific effects of tempera-
ture on the membrane parameters. Therefore, the observed effect 
of temperature on the NaV1.9 peak current, conductance, and 
integrated peak area imply a larger contribution of the NaV1.9 
current to the action potential current at higher temperatures 
than previously recognized. To study this effect, we measured 
action potentials in current clamp mode in both NaV1.8- and 
NaV1.9-deficient DRG neurons.

Nociceptor action potentials at rising temperatures need 
NaV1.9 to reach the threshold
As previously outlined, we analyzed the temperature depen-
dence of action potential generation in DRG neurons derived 
from NaV1.8- and NaV1.9-deficient mice in the presence of TTX, 
and on the combined NaV1.8 and NaV1.9 currents of WT neurons 
(derived from the C57BL/6J background strain) in the presence of 
TTX (TTXr WT; Fig. 7). The action potential threshold was mea-
sured as the inflection point of the action potential rising phase, 
as illustrated in Fig. 7 C. The lack of NaV1.9 resulted in a depo-
larization of the voltage threshold of activation by more than 17 
mV at 20°C from −32.3 ± 2.4 mV measured in TTXr WT, n = 20, 
to −14.6 ± 2.8 mV, n = 15 (P = 0.0002; Fig. 7, A and B). An increase 

in the temperature to 37°C further depolarized the threshold in 
NaV1.9-deficient neurons by 18 mV to +3.3 ± 4.9 mV, n = 8 (P < 
0.0001; Fig. 7, A and B). In contrast, 37°C depolarized the TTXr 
WT neurons only by 5 mV to −26.6 ± 2.4 mV, n = 23. Similarly, 
the NaV1.8-deficient action potentials demonstrated almost no 
change of the threshold at 20°C (−26.8 ± 3.9 mV, n = 12) or 37°C 
(−29.1 ± 3.3 mV, n = 16; Fig. 7, A and B).

Evidently, NaV1.9 has a huge influence on the action potential 
threshold, and its lack becomes even more apparent when the 
temperature rises. Our results indicate that NaV1.9 is required 
in a large population of neurons, presumably in all neurons that 
are dedicated to heat transduction and express TRPA1, TRPM3, 
and TRPV1 (Usoskin et al., 2015; Vandewauw et al., 2018), to 
reach the depolarized threshold of the NaV1.8-mediated action 
potentials. Also, with regard to the increased activation kinetics 
(quantified as time to peak) and decreased inactivation time con-
stants, this finding raises the question of whether NaV1.9 serves 
primarily as an amplifier of heat-activated membrane depolar-
ization or whether NaV1.9 can act as an independent generator 
of action potentials.

Rising temperatures boost NaV1.9-dependent action potentials
In NaV1.8-deficient neurons, in the presence of TTX in the bath, 
we were able to record action potentials with a clear inflection 
point and an overshoot reaching beyond 0 mV. At 20°C, the 
overshoot reached 10.9 ± 2.5 mV, n = 13, and at 37°C, it reached 
15.3 ± 2.4 mV, n = 17 (Fig. 7 D). The overshoot was visibly smaller, 
at any temperature, than in neurons with NaV1.8-dependent 
action potentials (Fig.  7  E), where the overshoot measured 
52.8 ± 4.3 mV at 20°C and 57.0 ± 1.8 mV at 37°C (n = 11), but 
warming the same NaV1.8-deficient neurons to 37°C strikingly 
speeded the action potential kinetics at constant voltage thresh-
old, much in contrast to the NaV1.8-mediated action potential 
(Fig. 7, D and E). Therefore, we further evaluated the charac-
teristics of NaV1.8- and NaV1.9-mediated action potentials at 
37°C. The most remarkable observation in the NaV1.9-medi-
ated action potential at 37°C, compared with 20°C and NaV1.8, 
is the massive speeding of the upstroke. At 37°C, the slope of 
the NaV1.9-mediated action potential was accelerated 5.8-fold, 
n = 17, whereas NaV1.8-mediated action potentials became only 
2.3-fold faster, n = 5 (P = 0.013 compared with NaV1.9-medi-
ated action potentials) and action potentials with both current 
components, NaV1.8 and NaV1.9, became 2.5-fold faster, n = 21 
(P = 0.0002 compared with NaV1.9-mediated action potentials; 
Fig. 7 F). Action potentials with both current components were 
not significantly different from action potentials derived from 
NaV1.9−/− neurons.

An essential feature of nociceptors is their ability to generate 
repetitive action potential firing. We analyzed the capability of 
each TTX-resistant sodium channel subtype to generate a series 
of action potentials in response to a depolarizing stimulus at both 
20°C and 37°C using the double rheobase current (Fig. 8). At 37°C, 
the presence of NaV1.9 alone allowed repetitive firing in 10 of 17 
neurons, and a mean of 8.2 ± 2.1 action potentials were gener-
ated per 200-ms current pulse (Fig. 8, A and B), whereas, at 20°C, 
only 3 of 17 neurons produced repetitive firing in response to the 
same stimulus (2.3 ± 0.9 action potentials). The findings were 
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not significantly different for TTXr WT neurons, few of which 
exhibited repetitive firing, with a mean rate of 5.3 ± 1.3 action 
potentials (4 of 11 neurons) at 20°C. This number increased at 
37°C to 7.2 ± 1.4 action potentials in 6 of 11 investigated cells. Most 
remarkably, the presence of NaV1.8 alone was insufficient to ini-
tiate repetitive firing at both temperatures in any of the tested 
neurons (Fig. 8, A and C; n = 15).

Our voltage-clamp experiments demonstrated that warming 
causes an impressive gain of function of NaV1.9, and our cur-
rent-clamp experiments indicate that, with rising temperatures, 
NaV1.9 becomes the key molecule, bringing the neuron reliably 
to firing threshold and contributing in large part to the upstroke 
of the action potential. Our next aim was to isolate the exact 
contribution of TTXs and the two TTXr NaV channel isoforms 
to the generation of heat-resistant action potential in native 
skin nociceptors.

Two lines of heat-sensitive nociceptors in the skin require 
TTXr sodium channels
The isolated skin-nerve preparation allows the focal applica-
tion of heat and TTX to a cutaneous receptive field of a single 
intact nociceptor and permits recording of the propagated action 
potentials. Using 1 µM TTX applied directly to the nociceptor ter-
minals, we identified two populations of heat responses with dis-
tinct features. The first population occurred frequently, and its 
heat response was inhibited by TTX; thus a TTXs sodium chan-
nel subtype contributed to the electrogenesis at raised tempera-
tures (Fig. 9 B). In the presence of TTX, the fibers lost electrical 
excitability around skin temperature but remained excitable 
when the receptive field was cooled, which implies that NaV1.8 
is expressed as well (Zimmermann et al., 2007). This fiber type 
produced action potential counts during a 20-s ramp rising 
from 30°C to 50°C of 15.4 ± 8.1, n = 16 (Fig. 9, B, D, and E), and its 

Figure 7. TTXr sodium channel subtype NaV1.9 generates action potentials at 37°C and becomes essential for reaching the action potential threshold 
when the temperature rises. (A) Contribution of sodium channel subtypes NaV1.9 and NaV1.8 to the action potential threshold at 20°C (left columns) and 37°C 
(right columns). All measurements were performed in the presence of 500 nM TTX in the bath solution in DRGs derived from C57BL/6J or NaV1.9- or NaV1.8-de-
ficient mice. At 20°C and 37°C, the action potential threshold of the combined NaV1.8 and NaV1.9 current was −32.3 ± 2.4 mV, n = 20, and 26.6 ± 2.4 mV, n = 23, 
respectively. In the absence of either NaV1.8 or NaV1.9, the action potential thresholds at 20°C were depolarized to −26.8 ± 3.9 mV, n = 12, and −14.6 ± 2.8 mV, 
n = 15, respectively. At 37°C, lack of NaV1.9 depolarized the threshold of the NaV1.8-dependent action potentials to +3.3 ± 4.9 mV, n = 8. (B) Distribution and 
statistical analysis of the threshold values of individual measurements are displayed in A. (C) Typical action potentials from NaV1.8−/− and NaV1.9−/− DRG neurons 
at 37°C in the presence of 500 µm TTX with extrapolation of the threshold, as indicated by the blue curves. (D–F) Typical action potentials from NaV1.8−/− and 
NaV1.9−/− DRGs at 20°C and 37°C with extrapolation of the rise slope (superimposed blue lines) to illustrate the effect of warming. The speeding of the upstroke 
was largest (D) for the putative NaV1.9-mediated action potentials (NaV1.8−/− with 500 nM TTX, n = 17) and reached 5.8-fold, whereas it was only 2.3-fold (E) 
for the NaV1.8-mediated action potentials (NaV1.9−/− with 500 nM TTX, n = 5) and 2.5-fold (F) for action potentials generated by a combination of NaV1.8 and 
NaV1.9 (n = 21). Data are depicted as means ± SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (one-way ANO​VA with Tukey HSD).
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response was characterized by a low mean firing frequency (1.7 ± 
0.9/s, n = 16; Fig. 9 E), a peak firing frequency less than 10/s (4.5 
± 4.0/s, n = 16; Fig. 9 E), and thresholds ranking near the human 
heat pain threshold (39.9 ± 3.4°C, n = 16; Fig. 9 F). The second 
polymodal nociceptor type was less frequent, and it produced 
large responses to the same ramp-shaped heat stimulus of 121.8 
± 24.3 action potentials in 20 s, n = 6 (Fig. 9, A, D, and E). The 
heat response appeared only slightly reduced when the receptive 
field was exposed to TTX, indicating that TTXr sodium channel 
subtypes initiated the electrogenesis (compare Fig.  11 A). The 
responses were characterized by high mean firing (21.6 ± 7.9/s, 
n = 6) and high peak firing rates (47.8 ± 8.4/s, n = 6; Fig. 9 E), and 
their thresholds were lower (34.6 ± 2.3°C, n = 6; Fig. 9 F). Accord-
ing to their features, we named the TTX-blocked nociceptor type 
with the small response S-type C-mechanoheat (CMH) and the 
TTX-insensitive nociceptor type with the large response L-type 
CMH (Fig. 9, A–F). The slope of the stimulus response function 
for both fiber types is comparable, but the response shifted in 
L-type CMH to 10-fold higher firing rates at all temperatures 
(Fig. 9 C and Table 3).

These findings characterized the properties of the polymodal 
nociceptors in response to rapid rises in temperature (1°C/s). We 
next investigated how heating affects the action potential thresh-
old in the nociceptors by measuring the excitability threshold, 
while simultaneously raising temperature at a rate of 0.1°C/s 
from 30°C to 50°C. We programmed a feedback-controlled algo-
rithm that regulates the current intensity applied to the receptive 
nerve terminal and tracked the threshold at a rate of 1 impulse/s 
(for details, see Materials and methods). We found that all S-type 
CMH fibers maintained constant excitability up to the maxi-
mum ramp temperature of 50°C, n = 7 (L-type CMH cannot be 
tracked because of their vigorous response during heat ramps; 
Fig. 10, A and C). We compared this finding to the NaV1.8- and 
TRPM8-positive C-mechanocold (CMC) fibers (Zimmermann 
et al., 2011; Vetter et al., 2013; Winter et al., 2017), because they 
lack heat transducer channels and, in case of TRPM8 expression, 
have no or low NaV1.9 (Lolignier et al., 2015). In contrast to the 
CMH fibers, excitability in CMC fibers (n = 12) always decreased 

above 40°C and was lost, on average, at 45.8 ± 2°C with the cur-
rent intensity reaching the maximum stimulation intensity of 
10 mA, n = 7 (Fig. 10, B and C). Remarkably, in 66% of the tracked 
CMH fibers, the threshold decreased above 40°C, which was fol-
lowed by heat-induced firing, which transiently hindered the 
tracking of the threshold. This effect is caused by the activation 
of heat transducer channels (TRPA1, TRPM3, TRPV1; gray inset in 
Fig. 10 A). When 1 µM TTX was applied at 30°C and the receptive 
field heated, both S-type CMH (n = 7) and CMC (n = 5) fibers lost 
excitability at similar temperatures of ∼34°C, but they regained 
excitability when the receptive field was cooled to <28°C; as we 
previously described, this occurs by virtue of NaV1.8 and the 
cold-induced increase in membrane resistance (Zimmermann 
et al., 2007). To recognize the individual contributions of NaV1.8 
and NaV1.9 to electrogenesis in both CMH types, we next quan-
tified the encoding deficits of the two types of CMH responses 
in skin-nerve preparations of NaV1.8- and NaV1.9-deficient mice.

The signature NaV channel of L-type CMHs is NaV1.8, and 
NaV1.9 dominates in S-type CMHs
In NaV1.8-deficient skins, CMHs appear at a frequency similar to 
the underlying C57BL/6J strain of 50–70% (Zimmermann et al., 
2005, 2009), and we characterized 20 heat-responsive C-fibers. 
In NaV1.9−/−, C-fibers had high mechanical thresholds; we applied 
high pressure with a blunt glass rod as mechanical search stimu-
lus and located 10 CMHs, all with L-type–like response, in a pop-
ulation of 35 fibers (Fig. 11 B). In both knockout lines, distinction 
between L-type and S-type CMH was made according to the peak 
firing rate difference identified in the underlying WT strain. We 
used >10/s as threshold to assign L-type, as implied by Fig. 9 E. 
Intriguingly, nine NaV1.9-deficient CMHs were clearly L-type, 
and the one remaining showed irregular burst-like activity and 
could not be allocated to any of the types (Fig. 11, B and E); in 35 
fibers, NaV1.9-deficient nociceptors never showed the otherwise 
frequent S-type–like heat response (Fig. 11 E). In NaV1.8−/−, six 
CMHs had peak firing rates >10 and were classified as L-type 
(Fig. 11, B and E). These fibers also had larger heat responses than 
the remaining 14 CMHs, which were assigned S-type (Table 3 and 

Figure 8. TTXr sodium channel subtype NaV1.9 enables repetitive firing in nociceptors when the temperature rises. DRGs derived from the C57BL/6J 
background strain (WT) or NaV1.9- or NaV1.8-deficient mice were subjected to a 200-ms depolarizing current pulse at 20°C and 37°C. (A) Action potential 
frequency at 37°C compared with 20°C (the first evoked action potential was not counted). (B and C) Representative recordings from NaV1.8−/− (B) and NaV1.9−/− 
(C) DRGs illustrate that the presence of NaV1.9, but not NaV1.8, enables repetitive firing at increased temperatures. Data are depicted as means ± SEM. *, P < 
0.05; **, P < 0.01; and ***, P < 0.001 (one-way ANO​VA with Tukey HSD).
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Fig. 11, E and F). The allocation to the two groups made encoding 
deficits apparent for both groups in both transgenic genotypes. 
The NaV1.9-deficient L-type responses had a reduced dynamic 
range and, in most of the fibers (n = 6), the number of heat-acti-
vated action potentials was reduced at higher temperature (Fig. 11, 
B, D, and E; and Tables 3 and 4). The stimulus-response function 
was steeper and shifted to lower temperatures by ∼4°C (Fig. 11 C, 

compare Fig. 9 C), possibly because of adaptation mechanisms in 
transgenic mice, as previously observed for the NaV1.8-deficient 
strain (Matsutomi et al., 2006). The responses were partially or 
not blocked by application of TTX to the receptive field and pre-
sumably generated by NaV1.8 in combination with a TTXs NaV 
channel (Fig. 11 D). In contrast to NaV1.9-deficient preparations, 
in NaV1.8-deficient mice, no L-type CMH was able to build action 

Figure 9. Characteristics of two distinct types of polymodal nociceptors, TTX-insensitive L-type and TTX-blocked (S-type). (A and B) Representative 
recording of two heat-sensitive polymodal nociceptors, TTX-insensitive (A) and TTX-blocked (B), as found in mouse saphenous-nerve skin preparations. Instan-
taneous discharge rates in response to heating of the receptive field are shown. Circles represent action potentials. Action potentials discharged after treatment 
with TTX 1 µM are shown as red closed circles (A). Heat stimuli were ramp-shaped and are plotted as temperature time course. (C) Stimulus response diagrams 
for TTX-insensitive (red, n = 6) and TTX-blocked (black, n = 16) heat responses (from three-point averaged data). (D) Averaged histogram of heat responses of 
TTX-insensitive (red, n = 6) and TTX-blocked (black, n = 16) heat responses. (E) TTX-insensitive heat responses share larger response magnitudes (P = 0.0004) 
and higher peak and mean discharge rates (both P = 0.0004). (F) Dynamic range of CMH fibers; L-type CMH receptors have lower temperature thresholds (P 
= 0.02) but comparable dynamic range (P = 0.7). Light gray and red blocks are SD; dotted lines represent the mean of TTX-insensitive (red) and TTX-blocked 
(black) values. Data are depicted as means ± SEM. All P values refer to the Mann–Whitney U test.

Table 3. Properties of S- and L-type CMH fibers

Fiber type n Response magnitude Peak discharge Mean discharge Threshold temperature Maximum encoded T

°C

C57BL/6J L-type 6 121.8 ± 24.3 47.8 ± 8.4 21.6 ± 7.9 34.6 ± 2.3 50.8 ± 1.0

C57BL/6J L-type, 
after TTX

4 79.0 ± 27.9 39.1 ± 11.9 15.3 ± 7.1 35.7 ± 2.8 50.6 ± 2.3

NaV1.9−/−, L-type 9 76.7 ± 33.6 66.1 ± 27.4 29.5 ± 15.0 38.1 ± 6.1 45.2 ± 4.3

NaV1.8−/−, L-type 6 50.2 ± 36.0 24.5 ± 12.3 9.2 ± 4.1 37.4 ± 5.6 50.1 ± 2.4

C57BL/6J S-type 16 15.4 ± 8.1 4.5 ± 4.0 1.7 ± 0.9 39.9 ± 3.4 49.8 ± 1.1

NaV1.8−/−, S-type 14 11.5 ± 6.6 4.5 ± 3.3 2.1 ± 1.6 41.2 ± 4.2 49.8 ± 1.8

Data are mean ± SD.
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potentials in the presence of TTX. We conclude that NaV1.9, albeit 
with its kinetics greatly speeded up, is incapable of discharging 
independent, propagated action potentials in terminals during 
heating in the absence of any of the other two NaV channels, 
NaV1.8 and presumably NaV1.7; this appears to be in contrast 
to the isolated cultured somata (Figs. 7 and 8). NaV1.8−/− L-type 
CMHs had an unchanged dynamic range, but the response mag-
nitude as well as the firing rate appeared reduced, with the slope 
of the stimulus-response function flattened (Fig. 11, B, C, and E). 
Absence of NaV1.8 did not affect the heat-encoding properties of 
S-type CMHs in terms of the magnitude of the response, peak 
discharge, and dynamic range; although the effect was insignif-
icant, they appeared to have reduced averaged responses at the 
peak ramp temperature as estimated from the histogram (Tables 
1 and 2 and Fig. 11 F). Remarkably, this encoding deficit became 
evident and measurable in the threshold tracking experiments 
(see below and Fig. 12 C).

The lack of S-type responses in NaV1.9−/− was apparent and 
appeared puzzling given the high occurrence of this fiber type 
in the underlying C57BL/6J strain. We also identified CMC 
fibers (37%; n = 13) and thermo-insensitive units (34%; n = 12). 
The cold-sensitive fibers all had cold responses comparable to 
TRPM8-expressing CMC-fibers (Zimmermann et al., 2011; Vetter 
et al., 2013; Winter et al., 2017). Applying the tracking protocol, 
we found that NaV1.9-deficient CMCs ceased to be excitable at 
43.3 ± 2.4°C, insignificantly lower than the C57BL/6J CMC fibers 
(n = 9; not depicted). Concerning the thermo-insensitive units, 
we found that they maintained excitability up to 50°C with an 
almost unchanged threshold and, like the S-type CMH in the 
underlying C57BL/6J strain, they discharged irregularly during 
the slow heat ramp (observed in 57% of the fibers). From these 

Figure 10. CMH, but not CMC, nociceptors remain excitable above 45°C. 
To test the temperature dependence of excitability, threshold tracking of 
polymodal nociceptors was performed based on current injections into the 
receptive field at slowly increasing temperatures (0.1°C/s). Evoked action 
potentials operated a feedback-controlled tracking algorithm that served to 
adjust the current intensity in steps of ± 0.1 mA at a rate of 1/s. Depending 
on the individual fiber, the stimulus length was set between 0.5 and 2 ms. (A) 
Representative recording of one S-type C57BL/6J CMH fiber. The nociceptor’s 
electrical excitability remains unchanged when the temperature increases to 
50°C. Red circles are electrically evoked action potentials; the black line sig-
nifies the electrical threshold, and the bottom graph shows the temperature 

time course at the receptive field where the electrode is placed. The top left 
inset provides a collapsed view of the shapes of all electrically evoked action 
potentials depicted in the main graph as red circles. The bottom left inset 
shows that the CMH’s heat response to a 20-s ramp from 30° to 50°C is typ-
ical for S-type CMHs; the scales are the instantaneous frequency on a log 
scale (1 − 10/s; y) and the time (10 s; x). The top right inset (gray) provides 
a waterfall view of a series of consecutive 150-ms traces of the electrically 
evoked action potentials marked in red (increasing temperatures from top to 
bottom, ∼48°–50°C) with the axes signifying the voltage (scale ±10 V; y) and 
the time (scale 50 ms; x). Arrows mark the heat-activated action potentials, 
which interfere with threshold tracking (leading to slowing of the latency in 
subsequent traces). (B) In contrast to CMHs, in TRPM8-positive cold noci-
ceptors (CMC), electrical excitability reduces with heating, and, above ∼45°C, 
CMCs become reversibly unresponsive. The vertical dashed bar follows the 
temperature ramp’s peak. Blue circles are electrically evoked action poten-
tials, the black line represents the electrical excitation threshold, and the 
bottom graph indicates the temperature time course at the receptive field 
where the electrode is placed. The top inset provides a collapsed view of the 
action potential shapes of all electrically evoked action potentials depicted in 
the main graph as individual blue circles, and the bottom inset shows that the 
CMC has a signature cold response of a TRPM8-expressing cold nociceptor, 
where the axes represent the instantaneous frequency on a log scale (scale 
0.1–10/s; y), and the time (scale 20 s; x). (C) Histogram of threshold–tempera-
ture relationships comparing CMC fibers (n = 7) and S-type CMH fibers (n = 12) 
from C57BL/6J mice. The electrical threshold is expressed as the fold change 
of the mean basal threshold value determined during at least 60-s tracking 
at 30°C. At 50°C, the CMC threshold exceeded the maximum of 10 mA of the 
current stimulator. Data are depicted as means ± SEM. 
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findings, we concluded that lack of NaV1.9 affects the capacity 
of S-type CMH fibers to fire in response to steeply rising heat 
(∼1°C/s), but not slowly rising heat (∼0.1°C/s). The tracking pro-
tocol identified these fibers without ambiguity as incapacitated 
S-type CMHs (Fig. 12, A and C). Therefore, keeping the encod-
ing deficit in response to fast-rising heat in mind (Fig. 11 E), the 

overall occurrence of CMHs is not different from the C57BL/6J 
background strain. In contrast to lack of NaV1.9, lack of NaV1.8 
had a distinct effect on threshold excitability at noxious high 
temperatures: in all CMH fibers—without any exception—the 
excitability decreased and or was reversibly lost at 47.3 ± 1.8°C 
(Fig. 12, B and C).

From these experiments, we conclude that NaV1.9 is the signa-
ture NaV subtype in S-type CMH fibers and is required to secure 
responses to fast (1°C/s), but not slow (0.1°C/s), temperature 
rises, whereas NaV1.8 gains function above 46°C and ultimately 
encodes the heat-resistant action potential.

NaV1.8 and NaV1.9 label two independent lines of 
polymodal nociceptors
We finally assessed the contribution of each isolated TTXr 
sodium channel in behavioral experiments using the Hargreave’s 
assay, where an infrared heat beam is directed on the hindpaw 
of the mouse, and the reaction time to withdraw from noxious 
heat is measured (Fig. 13). WT mice withdrew after 9.0 ± 0.7 s 

Figure 11. Heat encoding deficits in NaV1.8- and NaV1.9-deficient S- and L-type CMHs. (A) Averaged histogram of heat responses of C57BL/6J L-type CMH 
before (yellow) and in the presence of TTX 1 µM (red; n = 4). Inset: Proportion of the TTX-blocked heat response calculated for the respective temperature 
ranges. TTXs and TTXr indicate the proportion of action potentials mediated by TTXs and TTXr NaV channel subtypes, respectively (compare Table 3). (B) His-
togram of L-type CMH heat responses of NaV1.8-deficient (n = 6) and NaV1.9-deficient fibers (n = 9) illustrate encoding deficits compared with the responses 
from C57BL/6J shown in A and Fig. 9. Inset: Estimated proportion contributed by NaV1.9 (green) and NaV1.8 (blue) at the respective temperature ranges. Note 
that both components contain the TTXs component (compare Table 3). (C) Stimulus response diagrams of mean discharge rate and temperature for NaV1.9−/− (n 
= 9) and NaV1.8−/− (n = 6) heat responses (from three-point averaged data). NaV1.9−/− L-type CMHs achieve a higher slope at lower temperatures compared with 
WT and NaV1.8−/−. (D) Original recording from a NaV1.9-deficient L-type CMH heat response before (white circles) and in the presence of TTX 1 µM (red). Each 
circle represents an action potential in response to heating. (E) NaV1.9-deficient CMHs respond to fast rising heat-ramps (1°C/s), with peak discharge rates 
comparable to the L-type CMHs but reduced response magnitude and dynamic range (blue circles). NaV1.8-deficient heat responses of L-type CMH (closed 
green circles), but not S-type CMH (open green circles), are smaller and exhibit lower peak discharge rates in contrast to the C57BL/6J background strain, but 
have unchanged dynamic range. Light gray and light red blocks represent the SD of the respective C57BL/6J values of S-type and L-type CMHs illustrated in 
Fig. 9 (E and F). (F) Averaged histogram of NaV1.8-deficient S-type CMH responses (green) in comparison to C57BL/6J S-type CMHs (gray, taken from Fig. 9 D). 
Data are depicted as means ± SEM. 

Table 4. Percent contribution of TTXs, NaV1.8, and NaV1.9 to L-type CMH 
heat response changes with temperature (referring to insets in Fig. 11, 
A and B)

NaV channel Temperature (±3°C)

38°C 41°C 44°C 47°C 50°C

TTXs (C57BL/6J) 36.8 33.3 31.2 8.7 1.8

TTXr (C57BL/6J) 63.2 66.6 68.8 91.3 98.2

NaV1.8 + TTXs (NaV1.9−/−) 73.2 85.5 70.0 39.7 32.8

NaV1.9 + TTXs (NaV1.8−/−) 26.8 14.5 30.0 60.3 67.2
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(Fig. 13 B). We reproduced previous experiments demonstrating 
mild deficits in heat pain sensing for both NaV1.8- (Akopian et al., 
1999) and NaV1.9-deficient mice (Minett et al., 2014). To remove 
the contribution of the TTXs subtypes, we injected 3 µM TTX in 
a volume of 20 µl intracutaneously in the paw under light sevo-
flurane anesthesia (shortest decay rate of all inhalation anesthet-
ics). The heat withdrawal latencies subsequently increased for 
NaV1.8−/− from 12.1 ± 1.1 to 16.3 ± 1.5 s (P < 0.001) and, for NaV1.9−/−, 
from 12.5 ± 1.5 to 15.1 ± 1.7 s (P < 0.001) compared with animals 
of the C57BL/6J background strain that had an unchanged with-
drawal latency at 7.6 ± 0.7 s in the presence of TTX (n = 8 for all 
groups; Fig. 13 A). This experiment illustrates the importance of 
the TTXs sodium channel subtypes for the activation of heat-sen-
sitive nociceptors at an individual’s heat pain threshold, as long 
as either NaV1.8 or NaV1.9 is also present.

Discussion
Temperature is a significant physiological stressor and driver 
of adaptive evolution. Although invertebrates possess only two 
sodium channel subtypes, adaptive sequence evolution has 
produced 10 unique sodium channel subtypes in mammals and 
favored adaptation to sophisticated neuronal functions (Zakon, 
2012). This includes, for example, the evolution of communica-
tion signals in electric fish (Zakon, 2012), evolution of resistance 
to lethal NaV channel toxins as observed in pufferfish and the 
blue-ringed octopus, and the adaptation to specific habitats, 
such as acid resistance in naked mole rats (Smith et al., 2011). 
Mature CNS neurons are equipped with isoforms, including 
NaV1.2, NaV1.1, and NaV1.6, that were evolutionarily selected for 
fast conduction, clustering at axon initial segments and nodes 
of Ranvier, and are tailored with potassium channel kinetics for 
energy saving (Alle et al., 2009; Zakon, 2012). In contrast, poly-
modal nociceptors of the peripheral nervous system face extreme 
temperature changes and are abundant in the TTXs subtype 
NaV1.7 and the two TTXr isoforms NaV1.8 and NaV1.9 (Waxman 
and Zamponi, 2014; Usoskin et al., 2015).

Figure 12. Threshold tracking of NaV1.8- and NaV1.9-deficient S-type 
CMHs reveals NaV1.8 to be essential for electrogenesis >46°C and NaV1.9 
to be essential for electrogenesis during fast, but not slowly, rising heat. 
(A) Lack of NaV1.9−/− does not impair electrogenesis during slowly rising heat 
(0.1°C/s), and excitability remains relatively constant up to 50°C. The arrows 
point at the typical decrease in threshold caused by the heat transduction 
channel activation, which precedes the discharge of heat-induced action 
potentials. The blue circles are action potentials evoked by electrical stimu-
lation and heating, the black line represents the electrical threshold, and the 

temperature time course is shown at the bottom. Lack of NaV1.9−/− results in 
lack of action potential discharge in response to fast ramp-shaped heating 
(1°C/s) of S-type CMHs as illustrated for this fiber in the bottom inset (no 
action potentials; x-axis scale, 10 s). The top inset provides a collapsed view 
of the action potential shapes of all electrically and heat-evoked action poten-
tials (blue circles in main graph). (B) In NaV1.8−/− S-type CMHs, the excitabil-
ity is abruptly lost a few degrees before the temperature reaches 50°C. The 
bottom inset shows that the CMH has the typical heat response of S-type 
CMHs, where the axes represent the instantaneous frequency on a log scale 
(scale 1–10/s; y), and the time (scale 20 s; x). Each green circle represents 
one action potential evoked by electrical stimulation, the black line visual-
izes the electrical threshold, and the bottom graph depicts the temperature 
time course at the receptive field. The top inset provides a collapsed view of 
the action potential shapes of all electrically evoked action potentials (green 
circles in main graph). (C) Histogram of threshold–temperature relationships 
for NaV1.9−/− (n = 7; blue bars) and NaV1.8−/− (n = 5; green bars). The electrical 
threshold is expressed as fold of the mean basal threshold value determined 
during at least 60-s tracking at 30°C, before the rising heat. Data are depicted 
as means ± SEM. 
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Our patch-clamp experiments identified a specialized phys-
iological adaptive function of NaV1.9 in the electrogenesis of 
nerve impulses at rising temperatures, where we found NaV1.9’s 
activity to be substantially potentiated. Although both subtypes, 
NaV1.8 and NaV1.9, undergo a hyperpolarizing shift in V1/2 of 3 
and 4 mV in cultured DRG neurons when the temperature rises 
from 20°C to 30°C, remarkably only the NaV1.9 isoform was 
able to sustain repetitive firing at 37°C. The striking difference 
between the temperature effects on both subtypes was the unex-
pected fourfold increase in conductance and peak current den-
sity mediated by NaV1.9 upon warming of the perfusion solution 
from room temperature to normal skin temperature. In contrast, 
NaV1.8 increased by only 1.7-fold. Although the NaV1.8 current is 
variable and in some cells too large to be clamped, our recordings 
of the NaV1.9 current measured at 30°C, and confirmed at 37°C 
and 43°C with CsF in the pipette solution, are in fact compara-
ble in amplitude with NaV1.8 at 10°C, this being the temperature 
where NaV1.8 maintains its essential and unique function in 
cold nociceptors as the frost-resistant action potential ignition 
(Zimmermann et al., 2007).

Yet it was commonly accepted that NaV1.9 contributes to the 
setting of the action potential threshold by producing a persistent 
current. By virtue of its ultra-slow activation and inactivation 
kinetics (at room temperature), NaV1.9 was considered incapable 
of generating independent action potentials or of contributing 
to the rising phase of the action potential (Dib-Hajj et al., 1998, 
2015; Rush et al., 2007). In contrast with this view, and in line 
with our voltage-clamp recordings, we succeeded in measuring 
action potentials in current-clamp mode at 37°C, but not at 20°C, 
in NaV1.8-deficient cultured sensory neurons in the presence of 
TTX. Although the action potential shape at 20°C resembled the 
small graded depolarizations described by Renganathan et al. 

(2001), the action potentials at 37°C had a clear overshoot and a 
∼6-fold speeded kinetics compared with 20°C.

Several recent findings have implied a role for NaV1.9 in acute 
and pathological cold pain (Leo et al., 2010; Leipold et al., 2015; 
Lolignier et al., 2015). The identified role of NaV1.9 in these con-
ditions is to amplify subthreshold depolarizations generated 
by cold transducer activation in a subpopulation of cold noci-
ceptors devoid of TRPM8; our findings postulate an important 
functional contribution of NaV1.9 channels to electrogenesis at 
rising temperatures. This implies that the function of NaV1.9 is 
adapted to the entire temperature range and is therefore simi-
lar to NaV1.8, which we revealed to be the crucial component of 
excitability >46°C and which is also the essential NaV channel for 
electrogenesis at cold temperatures (Zimmermann et al., 2007). 
At lower temperatures, the membrane resistance of neurons 
increases and potassium conductance reduces, which requires 
less transduction current to trigger action potentials (Volgushev 
et al., 2000; Zimmermann et al., 2007). Although NaV1.9-gener-
ated current densities are considerably smaller at 10°C, the per-
sistent current remains and could become effective, because it is 
not counteracted by other ionic forces. In fact, in terminal nerve 
endings, it may help to reach the threshold of NaV1.8-mediated 
action potentials, and even more under pathological conditions, 
where NaV1.9 undergoes a gain of function, by either G protein–
mediated sensitization or genetic mutation (Leipold et al., 2015; 
Lolignier et al., 2015). Nevertheless, our results predict that cer-
tain gain-of-function mutations in NaV1.9 also result in warm-
ing-induced aggravation of pain.

In small-diameter nociceptive neurons, NaV1.8 contributes 
most of the current to the upstroke of the action potential and 
triggers the entire action potential at low temperatures (Blair and 
Bean, 2002; Zimmermann et al., 2007). For NaV1.9, the picture 
is less clear. This finding may point to different expression lev-
els in these cells and potentially functionally distinct subgroups. 
Contactin is one molecule believed to influence NaV1.9 ion chan-
nel density in the plasma membrane (Liu et al., 2001; Rush et 
al., 2005), and it has been reported that several auxiliary β-sub-
units of NaV channels influence the kinetics of various current 
components (Huth et al., 2011; Zhang et al., 2013). This is why 
we speculate that the NaV1.9 peak current component might also 
be a substrate of similar modulation, and this may sensitize its 
temperature sensitivity.

Our findings are in general accordance with the “dynamic” 
biophysical characteristics of NaV1.9 observed in voltage-clamp 
recordings, where changes in current–voltage dependence to 
hyperpolarized potentials occur after whole-cell formation. 
These changes are sensitive to fluoride in the intracellular 
solution and can also be evoked by G protein–coupled receptor 
modulators, like some inflammatory agents (e.g., PGE2; Rush 
and Waxman, 2004; Baker, 2005; Ostman et al., 2008; Vanoye et 
al., 2013). For our recordings, we used both CsF and CsCl in the 
pipette solutions and obtained similar results for the potentiation 
of the NaV1.9 current, although with CsCl, more stable current–
voltage relationships are observed (Amaya et al., 2006). Never-
theless, there are more variables that need to be considered and 
contribute (possibly independently) to the NaV1.9 current mod-
ulation. The separate regulation of the inactivating peak current 

Figure 13. Fast-gated TTXs NaV channels reduce the heat pain threshold. 
NaV1.8−/−, NaV1.9−/−, and littermate mice were subjected to heat pain thresh-
old measurement with the plantar radiant heat test (Hargreave’s apparatus). 
(A) After intraplantar administration of 3 µM TTX in a volume of 20 µl, the 
withdrawal latency was almost doubled in Nav1.8−/− (***, P < 0.001) and 
NaV1.9−/− (**, P < 0.01; n = 8 per group, both hindpaws were tested on two 
individual trials). (B) The same mice were measured before the application 
of TTX and showed a tendency to increased withdrawal latency (n = 8 per 
group), as previously observed (Akopian et al., 1999; Minett et al., 2014). Data 
are depicted as means ± SEM.
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component and the persistent current and respective difference 
in the run-down of channel activity might indicate either a con-
tamination of measurements with currents mediated by other 
ion channels (Coste et al., 2007) or the modulation of NaV1.9 
by distinct mediators present in neuronal cells. Voltage-gated 
calcium channels also contribute to a minor extent (compared 
with NaV1.8 and TTXs NaV channels) to action potential gener-
ation (Blair and Bean, 2002). We used 0.1 mM Cd2+ to block cal-
cium channels. Although this does not exclude the possibility of 
some calcium channels being left unblocked, 0.1 mM Cd2+ indeed 
blocks the significant current component (Coste et al., 2007).

Interestingly, expression of NaV1.9 has been verified on noci-
ceptive IB4+ small-diameter DRG neurons that express high lev-
els of NaV1.9, but no or subdetection levels of NaV1.8, and which 
are predominantly heat-sensitive (Fang et al., 2006). IB4+ neu-
rons show relatively small heat responses (Stucky and Lewin, 
1999). We suggest that this DRG subgroup corresponds to our 
S-type CMH fibers that require the NaV1.9 isoform to generate 
responses to fast rising heat, and which should express reduced, 
but sufficient, levels of NaV1.8 to generate action potentials at 
temperatures above 46°C.

Our threshold tracking experiments revealed that noxious 
heat–resistant nerve excitability is a distinctive feature of poly-
modal nociceptors, as it does not exist in cold nociceptors and, 
in contrast to cold, it requires several NaV channel subtypes; in 
S-type CMH fibers, a TTXs NaV channel subtype is crucial, and 
its lack becomes apparent above 34°C, where, even if NaV1.9 and 
NaV1.8 are active, excitability is lost in the presence of TTX. The 
absence of NaV1.9 incapacitates the excitability to fast-rising 
heat but has little effect on the detection of slow-rising heat. 
Thus, in this fiber type, NaV1.9 and a TTXs trigger, presumably 
the coexpressed NaV1.7 (Usoskin et al., 2015), are sufficient to 
initiate heat-resistant sodium current up to ∼46°C. Above 46°C, 
NaV1.8 becomes increasingly relevant to generate the heat-re-
sistant action potential, which is illustrated by our excitability 
tracking in NaV1.8−/−. In line with this finding, its absence has 
little effect on withdrawal thresholds in animals. Nevertheless, in 
L-type CMH fibers, we observed that the TTXs current contribu-
tion is much smaller, and likely both TTXr channels replace the 
TTXs action potential generator with increasing temperature. 
This is because a lack of either NaV1.9 or NaV1.8 reduces the heat 
response to a fast heat ramp for temperatures above ∼44°C. Evi-
dently, in both CMH fiber types, NaV1.9’s functional significance 
increases with temperature, alongside the speeding of its kinet-
ics and the increase of its peak current amplitude. This is illus-
trated by the huge effect of NaV1.9 on the voltage threshold with 
rising temperatures, with this becoming apparent by the removal 
of the TTXs current component in NaV1.8-deficient DRGs. Pre-
vious studies have not observed this feature of NaV1.9 (Priest et 
al., 2005; Leipold et al., 2015), because apparently NaV1.9 and 
NaV1.8 in combination are able to maintain the threshold to a 
large extent, even without the fast-gated TTXs channels, as our 
WT recordings (in Fig. 7) demonstrated.

It is yet unclear which physiological function S- and L-type 
heat-sensing pathways serve. They are seemingly not equipped 
with different sets of heat transducers, as skin-nerve record-
ings from combinations of double knockouts of the crucial 

heat transducer trio TRPA1, TRPM3, and TRPV1 have revealed 
(Vandewauw et al., 2018). They could have emerged during evo-
lution as redundant and serve as a backup for each other. Lack 
of function to one of the NaV channel subtypes, NaV1.8 or NaV1.9, 
affects their heat responsiveness rather differently and would not 
disable detection of damaging heat. In fact, lack of either TTXr 
channel in the absence of the TTXs trigger leaves the animal 
with a prolonged withdrawal latency, but still allows protection 
from damaging heat (Akopian et al., 1999; Minett et al., 2014). In 
NaV1.8−/−, the prolonged withdrawal response to infrared radiant 
heat seems caused by encoding deficits in L-type CMHs, because 
S-type CMHs are affected only at temperatures beyond the heat 
pain threshold. In NaV1.9-deficient mice, the prolongation of the 
withdrawal response is caused by incapacitated S-type CMHs 
and remains compensated for by L-type CMHs, which still acti-
vate at the same heat threshold, and their heat response is rising 
with a faster slope. After the injection of TTX, the withdrawal 
response prolongs by ∼50% in both genotypes. In NaV1.8−/−, this 
effect can be attributed to a reduced function of TTX-blocked 
S-type CMHs, whereas in NaV1.9−/−, it is caused by the reduced 
L-type response, which reduces the dynamic range and leaves 
NaV1.8 as the only NaV channel. Because this type of TTX appli-
cation certainly leaves some TTXs channels unblocked as a result 
of inhomogeneous tissue distribution, it leaves open the question 
whether NaV1.8 alone may sustain a heat withdrawal reaction 
in the absence of all other NaV channel subtypes. The different 
high- and low-frequency encoded heat responses may also be 
required to allow the detection of both slowly rising (L-type) 
and fast-rising heat (S-type), because in contrast to L-type CMHs, 
S-type CMHs suffer adaptation during slowly rising heat ramps 
and produce only few or no action potentials. Other than that, the 
existence of two lines of heat fiber types may also exist to allow 
a more sophisticated neuronal computation of sensory informa-
tion in the spinal cord (McCoy et al., 2013), leading to a better 
fine-tuning of temperature sensitivity in general.
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