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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. 



Touska et al. 
Heat-resistant action potentials in nociceptors

Journal of General Physiology
https://doi.org/10.1085/jgp.201711786

1139

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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Ciguatoxins are sodium channel activator toxins that

cause ciguatera, the most common form of ichthyosarco-

toxism, which presents with peripheral sensory distur-

bances, including the pathognomonic symptom of cold

allodynia which is characterized by intense stabbing and

burning pain in response to mild cooling. We show that

intraplantar injection of P-CTX-1 elicits cold allodynia in

mice by targeting specific unmyelinated and myelinated

primary sensory neurons. These include both tetrodotox-

in-resistant, TRPA1-expressing peptidergic C-fibres and

tetrodotoxin-sensitive A-fibres. P-CTX-1 does not directly

open heterologously expressed TRPA1, but when co-ex-

pressed with Nav channels, sodium channel activation by

P-CTX-1 is sufficient to drive TRPA1-dependent calcium

influx that is responsible for the development of cold

allodynia, as evidenced by a large reduction of excitatory

effect of P-CTX-1 on TRPA1-deficient nociceptive C-fibres

and of ciguatoxin-induced cold allodynia in TRPA1-null

mutant mice. Functional MRI studies revealed that cigua-

toxin-induced cold allodynia enhanced the BOLD (Blood

Oxygenation Level Dependent) signal, an effect that was

blunted in TRPA1-deficient mice, confirming an important

role for TRPA1 in the pathogenesis of cold allodynia.

The EMBO Journal (2012) 31, 3795–3808. doi:10.1038/

emboj.2012.207; Published online 31 July 2012
Subject Categories: neuroscience; molecular biology of disease
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Introduction

In 1774, when Captain James Cook was exploring the coast

of the New Hebrides, sailors aboard the HMS Resolution

experienced a peculiar kind of poisoning after eating fish

(Beaglehole, 1961). The initial symptoms occurred soon

after their meal and consisted of gastrointestinal effects, in

particular intense nausea, diarrhoea and abdominal pain.

However, subjectively among the most distressing

symptoms were neurological disturbances affecting the

central nervous system, and also peripheral sensory

disturbances including paraesthesias, localized intense

pruritus and several painful dysaesthesias. The most

prominent of these was a long-lasting sensory disorder

reminiscent of cold allodynia, where exposure to cool

objects or water induced severe burning pain and electric

shock-like sensations (Bagnis et al, 1979). This form of fish

poisoning, known as ‘ciguatera’ occurs worldwide in

circumtropical regions, with the global incidence estimated

to be as high as 50 000–500 000 cases annually (Fleming et al,

1998), making it the most common form of non-bacterial

food poisoning. Ciguatera is caused by ciguatoxins, a group

of lipophilic, polycyclic polyether toxins that are produced

by dinoflagellates of the genus Gambierdiscus and

bioaccumulate through the marine food chain (Lewis and

Holmes, 1993). Structurally related variants of ciguatoxin

exist in the Caribbean, the Indian and Pacific Ocean (C-

CTX, I-CTX and P-CTX, respectively). Of these, P-CTX-1 is

the most potent and thought to be responsible for the

majority of neurological symptoms associated with

ciguatera in the Pacific (Lewis, 2001). Ciguatoxins have

previously been recognized as potent activators of voltage-

gated sodium channels (Nav), however, little is known about

the mechanisms by which they produce cold allodynia. In

this study, we sought to identify the sensory neuronal

populations mediating these symptoms and to elucidate the

cellular and molecular basis of ciguatoxin-induced cold

allodynia.

Results

A mouse model reproduces ciguatoxin-induced cold

allodynia

To elucidate the molecular pathways through which P-CTX-1

selectively targets neurons to elicit pain and cold allodynia,

we established a new animal model of ciguatoxin-induced

peripheral sensory disturbances. Systemic administration of

ciguatoxin by the intraperitoneal (i.p.) or oral route in mice is

associated with diarrhoea, hypothermia, salivation, lacrima-

tion, muscle weakness, decreased motor activity and

cyanosis (Hoffman et al, 1983). Importantly, systemic

administration of ciguatoxin also results in a decrease in

nerve conduction velocity and blunts the corneal and

nociceptive withdrawal reflex. Therefore, in order to avoid

systemic effects of ciguatoxin and to isolate the actions of
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CTX on peripheral sensory neurons, we used administration

of low nanomolar solutions of P-CTX-1 (1–10 nM) by shallow

intraplantar (i.pl.) injection. P-CTX-1 caused rapid, dose-

dependent development of spontaneous pain in C57BL/6

mice, evidenced by flinching, lifting, shaking and licking of

the affected hind paw that was accompanied by the

development of cold allodynia (Figure 1A–D). Specifically,

45–60 min after i.pl. administration of P-CTX-1 the sponta-

neous nocifensive behaviour ceased, revealing prominent

signs of cold allodynia that comprised paw lifting, licking,

flinching and shaking observed at 201C or cooler (Figure 1C).

In contrast, at elevated temperatures up to 421C, these

animals displayed little or no nocifensive behaviour

(Figure 1C). In addition, no mechanical allodynia was ob-

served after i.pl. injection of P-CTX-1, consistent with the

absence of mechanical sensitization in nociceptive C-fibres

recorded from isolated rat saphenous nerve preparations

(Supplementary Figure 1).

This new animal model thus produces behavioural re-

sponses that parallel the human symptomatology of cigua-

tera, and confirms the exquisite sensitivity of peripheral

sensory neurons to P-CTX-1. Striking effects were observed

upon i.pl. administration of as little as 5–500 pg of P-CTX-1,

making this marine polyether toxin one of the most potent

pro-algesic compounds known, with much higher doses of

capsaicin (2500 ng/paw), bradykinin (300 ng/paw) or NGF

(50 ng/paw) required to achieve comparable effects (Amaya

et al, 2006).

TRPA1-expressing DRG neurons show exquisite

sensitivity to P-CTX-1

Cold allodynia is a symptom reported by a high proportion

(76–94%) of ciguatera sufferers, suggesting that ciguatoxin

activates specific nociceptive pathways that are intrinsically

linked to the development of cold allodynia. To characterize

the sensory neuronal populations targeted by P-CTX-1, we

used a high-content bioimaging assay that allows live-cell

Ca2þ imaging to be combined with immunohistochemistry at

the level of single cells (Figure 2A and B; Supplementary

Figure 2). In cultured mouse dorsal root ganglion (DRG)

neurons, 51% of neurons responded to stimulation with

P-CTX-1 (1 nM) with an increase in intracellular Ca2þ

(Figure 2A; Supplementary Figure 2). Immunohistochemical

characterization of the ciguatoxin-sensitive population

using previously characterized antibodies (Supplementary

Table 1) showed that 42% of NF200-positive (a marker of

large myelinated A-fibre-associated cells) and 66% of

peripherin-positive (a marker of unmyelinated C-fibre and

thinly myelinated Ad-fibre-associated cells) neurons re-

sponded to the addition of P-CTX-1, while IB4-positive DRG

neurons largely defined the ciguatoxin-insensitive neuronal

population (12% were ciguatoxin sensitive). Interestingly,

virtually all CGRP- (82%) and TRPA1- (95%) positive cells

were activated by low P-CTX-1 concentrations (1 nM), sug-

gesting that TRPA1-expressing peptidergic neurons play a

pivotal role in the symptomatology of ciguatera. Higher concen-

trations of P-CTX-1 were less discriminating and increasingly

A B

C D

250 P-CTX-1
Ambient temperature

5 nM P-CTX-1 i.pl.

15°C

15°C

10 nM

25

5 nM
1 nM
0.1 nM

0.01 nM

200

150

N
o.

 o
f f

lin
ch

es
/5

m
in

N
o.

 o
f f

lin
ch

es
/5

 m
in

N
o.

 o
f f

lin
ch

es
/5

 m
in

N
o.

 o
f f

lin
ch

es
/5

 m
in

100

100

50

0
50

Time (min)

Vehicle

i.pl. P-CTX-1 concentration (nM)

175 100

75

50

**

**

**
**

**

**

**

25

0

100

75

50

25

0

100

75

50

25

0
0

Temperature (°C)

42

3 5 10

37 22 20 15 10 5 1 2 3 4 5

Time (h)

24

Figure 1 A mouse model reproduces ciguatoxin-induced cold allodynia. (A) Intraplantar administration of P-CTX-1 caused dose-dependent
spontaneous pain behaviour at room temperature, evidenced by increased number of paw lifts, licks, flinches and shakes. This spontaneous
nocifensive behaviour subsided within B60–100 min (n¼ 6 each). (B) P-CTX-1-induced cold allodynia—assessed after spontaneous pain had
faded—appeared dose-dependent (40ml volume per i.pl. injection, measured at 151C; n¼ 5–12 animals/group) and (C) temperature-dependent
(5 nM; 40 ml by i.pl. injection; n¼ 6–23 animals/group). (D) Time course of 5 nM P-CTX-1-induced cold allodynia at 151C: cold allodynia
persisted for several hours but subsided within 24 h (n¼ 6). Black bars in (B, C): for all further experiments, 5 nM was chosen and cold
allodynia was assessed at 151C; black squares in (D) indicate the timeframe in which cold allodynia was assessed in (B–D) (and experiments
underlying Figures 4L and 5A, 5F). Statistical significance was determined using a one-way ANOVA with Dunnett’s post hoc comparison;
**Po0.01 compared to 371C or vehicle. Data are presented as mean±s.e.m.
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excited remaining neuronal populations, with 76% of DRG

neurons excited by 5 nM P-CTX-1 (Supplementary Figure 3).

Preferential activation of TRPA1-expressing cells by P-CTX-

1 was further confirmed by pharmacological characterization

of cultured DRG neurons using ratiometric calcium imaging.

Here, cells with functional TRPA1 expression, tested by

application of the agonist allyl isothiocyanate (AITC,

25 mM), showed the largest calcium increase in response to

P-CTX-1 (Figure 2C–H). Furthermore, the CTX-induced cal-

cium increase was reduced by tetrodotoxin (TTX; 300 nM to

at least 50%) in the majority of cells (81%; Figure 2C and I),

consistent with the predominant pharmacological action of

P-CTX-1 on TTX-sensitive (TTXs) voltage-gated sodium chan-

nels (VGSC). Based on these observations, we next assessed

the contribution of TRPA1 to neuronal cold responses and

cold sensitization induced by ciguatoxin in wild-type (wt)

and TRPA1-deficient mice (Figure 3). In cultured mouse DRG

neurons from wt and TRPA1� /� animals, lowering the

temperature from 351 to 151C elicited cold-induced Ca2þ

responses in 16.5% of wt and 6.9% of TRPA1� /� neurons.

These cold responses are most likely mediated by TRPM8 and

other putative cold sensors, such as TRPC5 (Bautista et al,

2007; Zimmermann et al, 2011). Interestingly, the Ca2þ

responses of these cold-sensitive neurons were not

significantly affected by P-CTX-1 (Figure 3). However,

P-CTX-1 elicited a striking cold sensitization in 39% of

previously cold-insensitive neurons (Figure 3D). This effect

was less pronounced in the absence of P-CTX-1 (Figure 3E;

8.9% sensitized to cold) and was dependent on TRPA1, as

ciguatoxin-mediated de-novo sensitization to cooling was

absent in DRG neurons from TRPA1� /� mice (Figure 3D;

6.6% sensitized to cold).

To further characterize the contribution of TRPA1 to cigua-

toxin-induced peripheral sensitization, we performed ex-vivo

recordings from murine skin-saphenous nerve preparations.

This preparation permits single-fibre recordings of propa-

gated action potentials arising from sensory stimulation

directly to the receptive fields of C- and A-fibres

(Zimmermann et al, 2009). Application of as little as 0.1 nM

P-CTX-1 at a bath temperature of 28–301C induced ongoing

activity in the majority of C-fibre nerve endings and at

0.5 nM, strong and long-lasting action potential bursts ap-

peared in some fibres (Figure 4A). This is consistent with a

shift of the dynamic range of ciguatoxin-modified C-fibres,

and reminiscent of the thermal sensitization observed pre-

viously in C-fibres treated with menthol (Zimmermann et al,

2011). The ongoing activity induced by P-CTX-1 at skin

temperature ceased upon further cooling (Figure 4A), likely

due to inactivation of TTXs VGSC that eventually leads to

quiescent C-fibres (Zimmermann et al, 2007). Importantly,

these ciguatoxin-mediated effects on C-fibres were greatly

reduced in skin-nerve preparations from TRPA1� /� mice

(Figure 4A–C; see Supplementary Table 2).

A direct effect of P-CTX-1 on TRPA1 was ruled out as

P-CTX-1 at concentrations up to 100 nM failed to directly

activate or sensitize Ca2þ responses mediated through het-

erologous expressed hTRPA1 (Figure 4D and E), and did not

affect TRPA1 currents in whole-cell patch-clamp recordings
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(Supplementary Figure 4). Based on these results, it appears

that ciguatoxin-induced membrane depolarization and mem-

brane oscillations, which was determined to be þ 10 mV on

average in cultured DRG neurons recorded in current-clamp

configuration (Figure 4F–H), in combination with a cooling-

induced leftward shift of the voltage dependence of TRPA1

activation reported previously (Karashima et al, 2009), are

sufficient to activate TRPA1 in cold nociceptors which is then

perceived as the burning pain of cold allodynia. In support of

this hypothesis, in HEK293 cells co-expressing TRPA1 and the

TTXs Nav1.7 or Nav1.3, stimulation by P-CTX-1 or the Nav

activator veratridine at 201C generated TRPA1-mediated

Ca2þ responses that were blocked by the TRPA1 antagonist

HC030031, the sodium channel blocker tetracaine, and were

absent in cells only expressing TTXs Nav or TRPA1

(Figure 4I–K; Supplementary Figure 5). The contribution of

TRPA1 to ciguatoxin-induced peripheral sensitization was

also critical in vivo, with the development of ciguatoxin-

mediated cold allodynia significantly decreased in

TRPA1� /� mice. In contrast, cold allodynia was unaltered

in mice lacking TRPM8 or TRPV1 (Figure 4L), or the recently

identified cold transducer TRPC5 (data not shown). In addi-

tion, the TRPM8-specific antagonist AMTB did not affect

ciguatoxin-induced cold allodynia, and no reduction in spon-

taneous pain was apparent in TRPM8 knockout animals

(Figure 4L).

Both Nav 1.8 and TTXs Nav subtypes are effectors of

ciguatoxin-induced cold allodynia

Based on previous reports that the TTX-resistant (TTXr)

Nav1.8 is essential for the detection and perception of

noxious cold pain (Zimmermann et al, 2007; Abrahamsen

et al, 2008), we assessed the contribution of Nav1.8 to

ciguatoxin-induced cold allodynia. In contrast to previous

studies reporting negligible responses of Nav1.8� /�
animals in response to noxious cold stimuli (Zimmermann

et al, 2007), we found only a partial inhibition of ciguatoxin-

induced cold allodynia in Nav1.8� /� animals (35.5%

reduction of cold allodynia), which was mimicked by i.pl.

administration of the Nav1.8 blocker A803467 (10mM, 36.4%

reduction of cold allodynia) and no significant effect in

Nav1.9� /� mice (Figure 5A). Similar results were obtained

in mice with diphtheria toxin-mediated ablation of Nav1.8-

expressing nociceptors (Nav1.8-DTA), where residual cigua-

toxin-induced cold allodynia persisted (48.8% remaining

cold allodynia; Figure 5A) despite an almost complete loss

of noxious cold responses in these animals (Abrahamsen

et al, 2008). Consistent with ablation of predominantly

Nav1.8-expressing C-fibres in the Nav1.8-DTA mice, ex-vivo

recordings from C-fibres devoid of Nav1.8 showed an 85–90%

reduction of ciguatoxin-induced activity (Figure 5B; see

Supplementary Table 2), with the residual ciguatoxin-induced

action potentials now entirely TTXs. This result was congru-

ent with an analogous B15% attenuation of the CTX effect

by TTX in wt C-fibres. These results reveal that both TTXr

Nav1.8 and TTXs Nav contribute to ciguatoxin-induced

cold allodynia, and that in addition to Nav1.8-expressing

C-fibres, TTXs pathways contribute to ciguatoxin-induced

cold allodynia.

Indeed, in A-fibres, treatment with P-CTX-1 caused strong

ongoing activity and cold sensitization that was completely

blocked by TTX (Figure 5C and D), consistent with previous
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reports showing that A-fibres are devoid of TTXr Nav1.8

(Akopian et al, 1996; Zimmermann et al, 2007). Ciguatoxin-

induced A-fibre activity was suppressed by warming, while

re-cooling (to cool temperatures or skin temperature)

immediately reactivated action potential firing (Figure 5C).

This effect was unaltered in TRPA1� /� mice (Figure 5E).

Residual cold sensitivity in sensory neurons, which cannot be

attributed to TRPA1 or TRPM8, has been described in the

literature, although the molecular identity of the responsible

cold transducer remains unknown to date (Bautista et al,

2007; Munns et al, 2007; Knowlton et al, 2010). Since A-fibres

arise from large diameter DRG neurons that do not survive

culture conditions well, such effects may have escaped detec-

tion in our cultured DRG neuron assays (Figures 2 and 3).
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Cos-1 cells heterologously expressing TRPA1 were loaded with Fluo-4 and Ca2þ responses to P-CTX-1 and AITC measured using a FLIPRTETRA

plate reader. (D) In TRPA1-expressing cells, P-CTX-1 (100 nM) did not elicit increases in intracellular Ca2þ , while AITC (300mM) caused rapid
Ca2þ increases. (E) Pretreatment for 5 min with 100 nM P-CTX-1 did not significantly affect the AITC concentration-response curve. Data
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potential of cultured DRG neurons recorded in current-clamp mode by 10 mV on average (n¼ 6). (G, H) Representative examples of P-CTX-1
induced depolarization. (G) Application of P-CTX-1 (black arrow) caused depolarization of membrane potential followed by action potential
firing (white arrow: first action potential). (H) Upper panel: ciguatoxin-induced depolarization rapidly leads to series of action potentials. Detail
expanded in lower panel: white arrows: membrane oscillations, frequently followed by action potentials. (I–K) P-CTX-1 and veratridine elicit
TRPA1-mediated calcium responses in HEK cells co-expressing Nav1.3 or Nav1.7 and TRPA1. HEK293 cells were loaded with Fluo-4 and Ca2þ
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ciguatoxin-induced cold allodynia (P-CTX-1, 5 nM; 151C) is reduced in TRPA1� /� (n¼ 14), but not in TRPM8� /� (n¼ 7) or TRPV1� /�
(n¼ 10) animals, or after intraplantar treatment with the TRPM8 antagonist AMTB (100 mM). All data are presented as mean±s.e.m. Statistical
significance was determined using a one-way ANOVA with Dunnett’s post hoc comparison; *Po0.05.
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This suggests that the residual cold allodynia observed in

TRPA1-deficient mice arises from the effects of P-CTX-1 on

these TTXs fibres. Indeed, the contribution of TTXs channels

to ciguatoxin-induced cold allodynia was further confirmed

in behavioural experiments, where i.pl. administration of

TTX (2 mM) significantly decreased ciguatoxin-induced cold

allodynia by 30% (Figure 5F). Furthermore, cold allodynia

was completely abolished by simultaneous i.pl. injection of

HC030031 and TTX, or in TRPA1� /� mice treated with i.pl.

TTX (Figure 5F).

To start to explain these results, we investigated the effect

of P-CTX-1 on the biophysical properties of TTXs and TTXr

Nav in voltage-clamp recordings (Figure 5G–J). Consistent

with previous reports (Strachan et al, 1999), P-CTX-1 shifted

the voltage dependence of activation of TTXs channels at

231C by 7.3±1.0 mV to more negative potentials, inducing

significant channel activation at � 60 mV (see insert in

Figure 5G), a potential close to the supposed resting mem-

brane potential of DRG neurons (Amir et al, 1999). Similarly,

P-CTX-1 elicited a 10 mV hyperpolarizing shift of the voltage

dependence of Nav1.8 (Figure 5I) that persisted at cooler

temperatures (Yamaoka et al, 2009).

In A-fibres, cold sensitization occurred at innocuous cool

temperatures (28–201C), where only few TTXs channels are

in a state of slow inactivation (Zimmermann et al, 2007).

Thus, the shift in activation elicited by P-CTX-1 results in

overactive TTXs channels that are able to fire at high rates

during mild cooling. This effect of P-CTX-1 is presumably

synergized by the effects of P-CTX-1 on voltage-gated

potassium channels (Birinyi-Strachan et al, 2005) and the

biophysical effects of cooling. Cooling decreases the

activation threshold of the sodium currents, leads to an

Figure 5 TTXr Nav1.8 and TTXs sodium channels are effectors of ciguatoxin-induced cold allodynia. (A) Compared to wt littermates (Control;
n¼ 47), ciguatoxin-induced cold allodynia (P-CTX-1, 5 nM; 151C) appears unchanged in Nav1.9� /� (n¼ 12), but markedly reduced in
Nav1.8� /� (n¼ 16) animals. This was confirmed using the Nav1.8 blocker A803467 injected i.pl. (10mM in a volume of 40ml; n¼ 11) and in
mice with diphtheria toxin-mediated ablation of Nav1.8-expressing nociceptors (Nav1.8-DTA; n¼ 6) animals. (B) P-CTX-1-induced ongoing
activity is reduced by 485% in C-fibres from skin-saphenous nerve preparations from Nav1.8-deficient mice. (C, D) Representative recording
from a wt A-fibre. P-CTX-1 (0.1 nM) significantly increased activity of A-fibres in isolated mouse skin-saphenous nerve preparations.
(C) Repeated cold stimulation of an A-fibre (C57BL/6, conduction velocity 11.9 m/s, 1.4 mN) after treatment with P-CTX-1 led to increasing
action potential discharge until spontaneous activity occurred at 301C. This activity was suppressed by heating (threshold temperature 331C)
and resumed upon cooling o381C. (D) P-CTX-1 (0.1 nM) induced effects in A-fibres were entirely sensitive to TTX applied at 300 nM and
(E) independent of TRPA1 (bars represent mean of two cold responses; wt: white bars, n¼ 11 and TRPA1� /� : black bars, n¼ 15).
(F) Compared to wt littermates (Control; n¼ 13), ciguatoxin-induced cold allodynia was significantly reduced by intraplantar injection of TTX
(2 mM, n¼ 13) or the TRPA1 blocker HC030031 (100mM; n¼ 6). Combination of both compounds (n¼ 6) or application of TTX in TRPA1-
deficient animals (n¼ 5) abolishes ciguatoxin-induced cold allodynia. (G) Representative TTXs current traces recorded from large-sized DRG
neurons (42.9±1.4mm). Upper lane: voltage protocol; middle: traces before and lower: traces after perfusion with P-CTX-1 (1 nM).
(H) Effect of P-CTX-1 (1 nM) on the voltage–conduction relationship of TTXs channels measured in mouse DRG neurons (n¼ 9).
(I) Representative recording of current traces recorded from ND7/23 cells heterologously expressing Nav1.8. Upper lane: voltage protocol;
middle: traces before and lower: traces after perfusion with P-CTX-1 (1 nM). (J) Effect of P-CTX-1 (1 nM) on the voltage–conduction
relationship of Nav1.8 heterologously expressed in ND7/23 cells (n¼ 5); scale bars in (G, I) represent 1 ms and 1 nA; all data are presented as
mean±s.e.m.
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increase in membrane resistance and results in depolarizing

closure of background potassium channels (Griffin and

Boulant, 1995; Maingret et al, 2000; Reid and Flonta, 2001;

Viana et al, 2002; Zimmermann et al, 2007). These

biophysical effects presumably are of major importance in

nerve endings due to their high surface area to volume ratio.

In contrast, a decrease in membrane resistance and opening

of potassium channels during heating may short circuit the

sodium current and opposes the ciguatoxin-induced increase

in neuronal excitability (Figure 5C, inset), providing a bio-

physical explanation for the pain-relieving effects of warmth

and the ‘temperature reversal’ reported in clinical ciguatera

cases.

P-CTX-1 and cool temperatures synergistically activate

TRPA1-expressing nociceptors to mediate the

perception of burning pain

Our results from both behavioural experiments and single-

fibre recordings clearly demonstrate a contribution of both

TTXs and TTXr VGSCs, in addition to a major role of

TRPA1-expressing C-fibres as mediators of ciguatoxin-in-

duced cold allodynia. Thus, while TRPA1 has been estab-

lished to be activated by temperatures in the noxious range,

our results clearly demonstrate that TRPA1-expressing noci-

ceptors are activated at higher temperatures in the presence

of ciguatoxin. To explore the role of TRPA1 in temperature-

induced nociception further and to analyse to which extent

the central processing of cold stimuli and cold allodynia is

affected by a lack of TRPA1, we used non-invasive functional

MRI (fMRI) measurements (Figure 6A–G; Supplementary

Figure 6). Here, changes in BOLD (Blood Oxygenation Level

Dependent) signal were measured as a surrogate parameter

for changes in neural activity (Hess et al, 2011) caused by

repetitive cool stimulation (151C) of the paw after ciguatoxin

application. P-CTX-1 treatment elicited a marked increase in

the cool stimulus-evoked BOLD signal, an effect which was

blunted in TRPA1� /� animals (Figure 6A), consistent with

the significant reduction in ciguatoxin-induced cold allodynia

we observed in behavioural experiments on these knockout

mice. Brain structures which showed differentially stronger

activation by cool stimulation in wt compared to TRPA1� /�
mice after P-CTX-1 injection included cerebral targets of the

spino-mesencephalic and spino-reticular tract, the medial

thalamus, ventral striatum, cingulum and periaqueductal

grey (Figure 6), supporting our behavioural observation

that TRPA1 crucially contributes to ciguatoxin-induced cold

allodynia.

Surprisingly, we also observed differences in the central

processing of the cold (151C) stimulus under control condi-

tions, where wt mice expressed stronger responses mainly

in cortical areas in response to cooling of the paw

(Supplementary Figure 6). Moreover, we found that the

TRPA1� /� mice showed an altered kinetic of the hemody-

namic response function (HRF) in response to cold stimuli,

either with or without P-CTX-1 treatment (Supplementary

Figure 6), providing the first evidence that the HRF can also

be modulated by genetic influence. These results demonstrate

that TRPA1 contributes not only to cold allodynia, but also

that TRPA1-expressing fibres are activated at much higher

temperatures than previously observed. TRPA1 is generally

considered to be a sensor of noxious cold temperatures, with

behavioural differences in knockout animals occurring at

temperatures close to freezing (Karashima et al, 2009).

However, based on our results, previous behavioural

studies in TRPA1� /� mice may have underestimated the

contribution of TRPA1 to cold nociception, as small

differences in perception may not lead to frank behavioural

changes.

Discussion

Humans are able to detect a broad range of temperatures

through activation of thermosensitive nerve endings in the

skin. In recent years, significant advances have been made

with the identification of several thermosensitive ion chan-

nels, in particular the TRP class of thermoreceptors that

function as the molecular transducers of innocuous and

noxious temperatures. Nevertheless, our understanding of

the physiological and pathophysiological role of these chan-

nels remains incomplete and moreover, it remains unclear

how temperature detection overlaps with the perception of

pain. A particularly puzzling and poorly understood phenom-

enon is cold allodynia, where non-noxious and normally non-

painful cool stimuli are perceived as painful. In this context,

ciguatera is of particular interest as it is associated with the

pathognomonic symptom of cold allodynia and thus may be

useful to further dissect the pathways involved. Although it is

known that ciguatoxin increases neuronal excitability

through activation of VGSCs, the neuronal pathways leading

to ciguatoxin-induced cold allodynia are unknown.

Peripheral administration of P-CTX-1 elicits cold

allodynia

This study is the first to identify the sensory neuronal

populations involved in mediating the symptomatology of

ciguatera, and to elucidate the cellular and molecular basis of

ciguatoxin-induced cold allodynia. The toxicokinetics of ci-

guatoxin are complex and likely contribute to the clinical

presentation of ciguatera (Bottein et al, 2011). After oral

administration in mice, ciguatoxin is rapidly absorbed from

the gastrointestinal tract, where it exerts local action to elicit

gastrointestinal symptoms such as diarrhoea and abdominal

pain (Bottein et al, 2011). The clearance of ciguatoxin

involves a bi-exponential elimination best fit using a

two-compartment model. This probably occurs due to

accumulation of P-CTX-1 in adipose tissue or even

lipophilic neuronal membranes, which contributes to a long

terminal elimination half-life of B4 days. The slow

elimination of P-CTX-1 likely contributes to the prolonged

duration of neurological effects, and renal excretion of

ciguatoxin may contribute to urinary symptoms such

as dysuria, although the majority of ciguatoxin is

excreted in the faeces. We postulate that the peripheral

sensory effects of ciguatoxin after oral consumption

arise from a direct excitatory action of the toxin on

peripheral sensory neurons. In unpublished observations,

intradermal administration of P-CTX-1 in humans elicits

symptoms including cold allodynia, consistent with the

symptomatology of ciguatera, providing direct support for

our new animal model of cold allodynia. This mouse model

reveals for the first time that altered excitability of peripheral

sensory neurons is sufficient for the development of cold

allodynia. The temperature dependence of allodynia

observed in this mouse model was similar to the reported
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threshold of cold allodynia in human ciguatera patients

(24–261C) (Cameron and Capra, 1993). Interestingly, heat

allodynia is neither observed clinically (Cameron and

Capra, 1993), nor was it observed in our animal model.

The precise reasons for the lack of heat hyperalgesia remain

to be determined; however, it is likely that differential
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Figure 6 Cool temperatures and P-CTX-1 activate TRPA1-dependent nociceptive pathways resulting in the perception of burning pain.
(A) Compared to wt animals (grey area under the curve), TRPA1� /� mice (red area under the curve) showed an altered hemodynamic
response function (HRF) in response to stimulation of the paw with 151C after i.pl. injection of saline, but also in the presence of P-CTX-1
(black and red timelines). Changes in BOLD signal from n¼ 9–10 animals were averaged over six repetitive cold stimuli. Error bars represent
s.e.m. (B–G) Second order statistical parameter maps showing differential brain activity (wt4TRPA1� /� ) assessed by BOLD-fMRI in
response to cold stimulation following i.pl. P-CTX-1 treatment (5 nM i.pl.) in wt and TRPA1� /� animals, superimposed on the corresponding
anatomical image. The yellow-red scale indicates increased activity in wt compared to TRPA1� /� animals. Arrows indicate regions with
increased differential activity. For cold stimulation after i.pl. injection of P-CTX-1 (5 nM), (B) the somatosensory (S1/S2) cortex, the cingulate
(Cg) cortex and the motor (M1/M2) cortex, (C) the retrosplenial cortex (Rs), hippocampus (Hip), amygdala (Amd), (D) striatum (CPu), parietal
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paragigantocellular nucleus (PGiL) show significantly higher activity in wt than in TRPA1� /� mice.
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co-expression with CTX-sensitive Nav and Kv channels

contribute to this effect. In addition, mechanical allodynia

is neither observed in ciguatera patients, nor was it apparent

in our animal model. Thus, cold allodynia is the dominant

thermal sensory abnormality present both clinically and in

our animal model and is likely to be mediated by specific

thermotransducer proteins.

TRPA1 is a critical determinant in ciguatoxin-induced

cold allodynia

The involvement of two likely candidates, TRPM8 and

TRPA1, in thermosensing is contentious. TRPM8 is activated

by innocuous cool temperatures o281C, although activity is

maintained in the noxious cold range (o101C) (McKemy

et al, 2002; Peier et al, 2002). Accordingly, TRPM8 has been

reported to be involved in temperature preference and

environmental as well as noxious cold sensing (Peier et al,

2002; Bautista et al, 2007; Dhaka et al, 2007). In contrast, the

cold receptor TRPA1 is thought to be activated by noxious

cold temperatures in heterologous expression systems (Story

et al, 2003; Karashima et al, 2009). However, a lack of cold-

evoked TRPA1 responses, or only indirect activation through

cold-induced Ca2þ release, has been reported by several

groups (Jordt et al, 2004; Nagata et al, 2005; Zurborg et al,

2007). Similarly, differences in behaviour in TRPA1� /�
animals were only reported at noxious temperatures or in

pathological models of cold hypersensitivity, or not at all

(Bautista et al, 2006; Karashima et al, 2009; del Camino et al,

2010; Gentry et al, 2010; Knowlton et al, 2010; Nassini et al,

2011). In the present study, we provide fMRI evidence that

TRPA1 is activated by temperatures well above the noxious

range and that TRPA1 is a critical determinant in ciguatoxin-

induced cold allodynia. In cultured DRG neurons, Ca2þ

responses to cooling, which appeared after P-CTX-1

treatment in previously cold-insensitive neurons, were

completely dependent on TRPA1. In contrast, Ca2þ

responses in cold-sensitive DRG neurons were neither

significantly affected by P-CTX-1 nor affected in TRPA1-

deficient mice (Figure 3). These cold responses are likely to

be mediated through TRPM8, as both the temperature thresh-

old of activation and the proportion of DRG neurons respond-

ing to cooling with increases in Ca2þ are in accordance with

the literature values for TRPM8-mediated calcium increases

(Bautista et al, 2007).

While some TRPM8-expressing neurons were activated by

P-CTX-1, it is likely that these neurons are involved in

ciguatoxin-induced symptoms other than cold allodynia,

such as increased tear production (lachrymation) observed

in rodents (Lewis and Sellin, 1993), a response that has

recently been shown to depend on TRPM8 in mice (Parra

et al, 2010). In contrast, studies in human ciguatera patients

(Cameron and Capra, 1993) and intracutaneous injection

of P-CTX-1 in humans (unpublished observations) have

revealed that temperature discrimination and cool

sensitivity, which are painless sensations mediated through

TRPM8 (Bautista et al, 2007; Parra et al, 2010), are not altered

by P-CTX-1. Given the main effect of P-CTX-1 is the

emergence of the sensation of pain in response to mild

cooling, it appears that the cold sensing TRPA1 rather than

TRPM8 couples to pain sensing centrally. This was confirmed

in behavioural experiments, where ciguatoxin-induced cold

allodynia was significantly decreased in TRPA1� /� mice,

but not affected in TRPM8� /� animals.

TRPA1 contributes to cold sensing at higher

temperatures than previously recognized

Lastly, we demonstrated altered central processing of cold

allodynia after P-CTX-1 treatment in TRPA1� /� versus wt

mice. In the process, we also revealed for the first time that

the TRPA1-dependent cold nociceptive pathway is activated

at temperatures well above the noxious cold range and that

this signal is processed in the brain well before it results in

measurable aversive behaviour in the noxious cold range

(e.g., o101C), suggesting it may play a broader role in

protecting the body from damaging cold than previously

recognized. TRPA1-mediated effects were observed in brain

areas associated with emotion, pain and cold processing, in

particular the amygdala, cingulate cortex, and the S1 and S2

somatosensory cortices, illustrating subtle differences in cool

perception in TRPA1� /� mice. Furthermore, C-fibres share

input to spinal laminae I–III and build projections into the

spino-mesencephalic tract, an area which appeared in the

fMRI experiment among those with differentially stronger

activation during cold allodynia in wt mice. Interestingly,

previous fMRI studies in human subjects found analogous

brain areas to be activated during heat and cold hypersensi-

tivity (Lorenz et al, 2002; Seifert and Maihöfner, 2007),

including projections within the spino-mesencephalic tract,

corroborating an important role of TRPA1 in cold sensing in

the non-noxious temperature range. This was also observed

in behavioural experiments utilizing pharmacological

modulators administered by the i.pl. route, and are strongly

supported by ex-vivo findings in the isolated skin-nerve

preparation. Thus, these findings provide clear evidence for

a role of TRPA1 in cold sensing at higher temperatures than

previously recognized.

This study shows that i.pl. injection of P-CTX-1 elicits cold,

but no heat or mechanical allodynia. While TRPA1 has been

implicated as a mechanosensor, it is not absolutely required

for mechanical sensitivity of afferent nerve terminals per se,

as mechanically sensitive cutaneous fibres are present in

normal numbers in TRPA1-deficient mice and deficits of

TRAP1-deficient mice to mechanical force were only ob-

served in response to intense mechanical stimulation

(Kwan et al, 2009). However, slowly adapting low-threshold

Ab mechanoreceptors from TRPA1-deficient mice have been

shown to have reduced action potential firing, suggesting a

role of TRPA1 in mechanosensation in these fibres. It is

plausible that TRPA1-mediated mechanosensation in these

fibres contributes to ciguatoxin-induced sensory disturbances

other than mechanical allodynia, such as the tingling and

pricking sensations which are commonly described by

ciguatera victims, but which are difficult to assess in this

murine model.

Ciguatera is a special form of acquired channelopathy

Despite the dominant role of TRPA1 in ciguatoxin-induced

cold allodynia, this effect does not appear to be mediated by a

direct action of P-CTX-1 on thermosensitive TRP channels.

Instead, TRPA1-mediated cold allodynia occurs indirectly

through changes in neuronal excitability and membrane

potential elicited by P-CTX-1 (Carr et al, 2002). P-CTX-1

activates Nav and inhibits KV channels, resulting in

How ciguatoxins cause burning pain from cooling
I Vetter et al

3803&2012 European Molecular Biology Organization The EMBO Journal VOL 31 | NO 19 | 2012



sustained membrane depolarization of several mV (Strachan

et al, 1999; Birinyi-Strachan et al, 2005). Under these con-

ditions, a cooling-induced change in the voltage dependence

of TRPA1 activation appears sufficient for TRPA1-mediated

responses to reach the threshold for action potential

generation and to signal burning pain at innocuous cool

temperatures. Indeed, depolarization-mediated activation of

thermo-TRP channels has been reported recently in

heterologous expression systems, further supporting our

findings. The fact that voltage-dependent gating is tightly

linked to temperature sensing in TRPs is not a new concept

(Voets et al, 2004), but in the case of ciguatoxin it becomes

pathologic. Differences in resting membrane potential could

also provide an explanation for the observation that TRPA1-

mediated cold responses can be elicited in heterologous

expression systems with relatively positive membrane

potentials (Chemin et al, 2000; Kim et al, 2004), but not in

DRG cell somata with their relatively hyperpolarized resting

membrane potential (Reid, 2005; Zurborg et al, 2007; Caspani

and Heppenstall, 2009). Thus, the ciguatoxin-mediated

increase in the excitability of a subset of neurons—in the

absence of direct effects on thermo-TRP channels—is suffi-

cient to elicit profound sensitization to cooling. This increase

in excitability is driven in part by Nav1.8, consistent with its

role in cold pain and previous reports of effects of ciguatoxins

on Nav1.8 (Strachan et al, 1999; Yamaoka et al, 2009).

However, a significant contribution of TTXs channels to

ciguatoxin-mediated cold sensitization was also observed.

In contrast to noxious cold temperatures (o101C), where

TTXs channels have entered into a state of slow inactivation

(Zimmermann et al, 2007), these channels contribute to cold

allodynia at innocuous cool temperatures, where they are still

able to fire at high rates. This effect is potentiated by the

closure of temperature-sensitive potassium channels and the

biophysical effects of cooling, which decrease the activation

threshold of the sodium currents, lead to an increase in

membrane resistance and result in depolarizing closure of

background potassium channels (Griffin and Boulant, 1995;

Maingret et al, 2000; Reid and Flonta, 2001; Viana et al, 2002;

Zimmermann et al, 2007). Taken together, modulation of

biophysical membrane properties by cooling in combination

with altered membrane potential through Nav activation by

P-CTX-1 can be sufficient to elicit action potential bursts and

strong and long-lasting spontaneous activity consistent with

the prolonged neurological effects of P-CTX-1 observed in

ciguatera victims. Thus, while it has been established that

both Nav1.8 and TRPA1 are required for noxious cold sensing

(Zimmermann et al, 2007; Karashima et al, 2009), our find-

ings show that TRPA1-dependent nociception is activated at

innocuous cold temperatures under circumstances where

activation of Nav increases membrane excitability, as is the

case for ciguatoxin and potentially in neuropathic pain states

associated with cold allodynia.

In conclusion, ciguatera can be described as a special form

of acquired channelopathy that provides unique insight into

the mechanisms of cold transduction and sensitization.

P-CTX-1 elicits striking peripheral activation in C-fibres as

well as de-novo sensitization and activation in A-fibres, with

P-CTX-1 preferentially targeting peptidergic, IB4-negative

TRPA1-expressing nociceptors. While P-CTX-1 does not di-

rectly activate thermo-TRP channels, TRPA1 is crucial to the

development of ciguatoxin-induced cold allodynia, where

membrane depolarization through activation of sodium chan-

nels in TRPA1-containing neurons leads to peripheral sensi-

tization and consequently to activation of a specific subset of

brain structures relevant for allodynia. In addition to Nav

activation through P-CTX-1, cold temperatures further en-

hance neuronal excitability by increasing membrane resis-

tance to produce the pathognomonic symptom of cold

allodynia. The recent report that TRPA1-expressing fibres

also mediate itch (Wilson et al, 2011) may explain the

intense pruritus observed clinically, and further supports the

notion that TRPA1-expressing nociceptors are particularly

susceptible to the effects of ciguatoxin.

Materials and methods

Materials
P-CTX-1 (490% purity) was isolated from moray eel (Gymnothorax
javanicus) liver as previously described (Lewis et al, 1991), stored
as a concentrated stock in 50% methanol/50% H2O and routinely
diluted in the presence of 0.1–0.3% bovine serum albumin (BSA) to
avoid loss to plastic. All other reagents were from Sigma-Aldrich
(Castle Hill, NSW, Australia or Taufkirchen, Germany) unless
otherwise stated.

Ethics for animal experiments
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. At the University of
Queensland, ethical approval for experiments involving animals
was obtained from the local animal ethics committee. Experiments
involving animals were conducted in accordance with the Animal
Care and Protection Act Qld (2002), the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes, 7th edition
(2004) and the International Association for the Study of Pain
Guidelines for the Use of Animals in Research.

Origin of mice
We used adult male C57BL/6J mice, TRPA1� /� (D Corey,
Harvard Medical School, Boston, MA, USA; backcrossed for nine
generations on C57BL/6), TRPV1� /� (J Davis, formerly
GlaxoSmithKline, Harlow, UK; congenic to C57BL/6), TRPM8� /�
(A Patapoutian; backcrossed for five generation on C57BL/6 back-
ground), Nav1.8� /� , Nav1.9� /� , Nav1.8-DTA mice (John N
Wood, University College London, London, UK; congenic to
C57BL/6 or backcrossed for at least six generations on the
C57BL/6 background, respectively) knockout mice and their age-
matched litter controls were used or matched to C57BL/6J when
congenic. All animals were genotyped using previously reported
primers.

Animal model of ciguatoxin-evoked nocifensive behaviour
and cold allodynia
To assess ciguatoxin-evoked effects in wt C57BL/6 and in age-
matched TRPV1� /� , TRPA1� /� and TRPM8� /� mice, a
single dose of P-CTX-1 was administered by subcutaneous injection
to the hind paw (i.pl.) and nocifensive behaviour was rated by a
blinded observer. P-CTX-1 was prepared in concentrations of 0.01–
10 nM (final dose of 0.5–50 pg/paw) in sterile Ringer’s solution and
injected i.pl. in a volume of 40 ml under light diethyl ether, methox-
yflurane or isoflurane anaesthesia. To assess the effects of pharma-
cological modulators on the development of spontaneous pain and
cold allodynia, compounds were either administered by i.p. injec-
tion 30 min prior to i.pl. injection of P-CTX-1 (HC030031, 100 mg/kg
i.p.) or were co-administered with P-CTX-1 by i.pl. injection as
appropriately concentrated solutions (HC030031, 100mM; TTX,
2mM; A803467, 10mM).

After a brief recovery period, spontaneous pain was rated at room
temperature by counting the number of paw shakes, lifts, licks or
flinches over a 5-min period. To assess heat and cold allodynia in
ciguatoxin-treated animals, mice were placed on a temperature-
controlled Peltier plate (Ugo Basile, Comerio, Italy or a custom-
designed Peltier-based plate with components purchased from
Melcor, Trenton, NJ, USA) once spontaneous pain behaviour
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subsided to o10 counts/5 min and the number of paw shakes, lifts,
licks or flinches was quantified over a 5-min period.

To assess contribution of Nav and thermo-TRP channels to the
development of ciguatoxin-induced cold allodynia, nocifensive
behaviour in response to i.pl. injection of 5 nM P-CTX-1 was
determined over a 5-min period at 151C, 60–90 min after treatment
with P-CTX-1.

No systemic effects, including no diarrhoea, ataxia, altered gait or
motor paralysis were apparent in any mice and all animals com-
pletely recovered within several hours. In addition, no sustained
hind paw favouring, inflammation, swelling or ulceration of the
ciguatoxin-injected paw was visible. Injection of equal volumes
of Ringer’s solution did not elicit any nocifensive behaviour
(Figure 1B).

DRG cell culture
DRGs were isolated and cultured as previously described
(Zimmermann et al, 2007). In brief, DRGs from T1-L6 were
isolated from adult male Wistar rats, male C57/BL6 mice, male
Nav1.8� /� mice or male TRPA1� /� mice euthanized by CO2
inhalation and collected in DMEM supplemented with 50 mg/ml
gentamicin (Sigma), 100 U/ml penicillin, 100 mg/ml streptomycin
and 0.25mg/ml amphotericin B (Invitrogen). DRGs were then
incubated for 30 min at 371C and 5% CO2 in dissociation media
containing 1 mg/ml collagenase (Sigma) and 0.1 mg/ml protease
(Sigma). After three wash steps, cells were triturated through a
flame-polished glass Pasteur pipette and cultured for 24 h in TNB
100 solution supplemented by TNB 100 lipid–protein complex, 1 nM
NGF, 100mg/ml streptomycin and penicillin (all from Biochrom,
Berlin, Germany) and 200mg/ml glutamine (Invitrogen, Carlsbad,
USA) or Neurobasal medium supplemented with B27, 1 nM NGF
and 100mM glutamine (all from Invitrogen, Mulgrave, VIC,
Australia) for high content imaging.

High content imaging and immunochemical characterization
of ciguatoxin-sensitive DRG neurons
Mouse DRG neurons were cultured on PDL-coated 96-well half area
imaging plates (Corning) for 24 h and loaded with 5 mM Fura-2 for
30 min at 371C. After two washes with physiological salt solution
(PSS; composition: NaCl 140 mM, glucose 11.5 mM, KCl 5.9 mM,
MgCl2 1.4 mM, NaH2PO4 1.2 mM, NaHCO3 5 mM, CaCl2 1.8 mM,
HEPES 10 mM), Ca2þ responses to stimulation with P-CTX-1 (1 nM)
or AITC (100 mM) were measured using the high content imager BD
Pathway 855 (BD Biosciences, San Jose, CA, USA) for 60 s with a
Hamamatsu Orca ER cooled CCD camera and � 10 objective at
221C. Cells were then fixed with Histochoice (Amresco, Solon, OH,
USA) for 1 h, blocked with 0.3% BSA/0.1% gelatin in PBS at room
temperature for 30 min, followed by staining with DAPI (1 mg/ml)
and the primary antibodies characterized in Supplementary Table
S1 for 1 h.

In addition, for visualization of neuron-specific b3-tubulin, cul-
tures were stained with mouse anti-b3 tubulin antibody (TUJ1, R&D
Systems, Minneapolis, MN, USA, 1:1000) and to verify specificity of
the rabbit TRPA1 antibody, neurons were additionally stained with
mouse monoclonal anti-TRPA1 (Sigma, WH0008989M3, 1:1000).
After three washes with PBS, DRG cultures were then incubated for
1 h with the following secondary antibodies as appropriate: anti-
rabbit Alexa Fluors 488 (Invitrogen, 1:1000); anti-sheep Alexa
Fluors 647 (Invitrogen, 1:1000); anti-guinea pig Alexa Fluors 647
(Invitrogen, 1:1000); anti-mouse Alexa Fluors 488. DRG cultures
were washed three times with PBS and immunofluorescence visua-
lized using the BD Pathway 855 with � 10 objective.

ROIs corresponding to antibody-positive DRG neurons were
identified and Ca2þ responses, expressed as DR/R, were plotted
using GraphPad Prism 4. Only cells with clearly defined ROI
corresponding to single DRG neurons were used for analysis. DRG
neurons were classified as responders if stimulation with 1 nM
P-CTX-1 elicited a DR/R increase of at least 0.15 over 60 s
(n¼ 771/1524 neurons classified as responders).

Pharmacological characterization of ciguatoxin-sensitive DRG
neurons
Rat DRG neurons were plated on PDL-coated glass coverslips and
after 24 h culture loaded with 5 mM Fura-2 and 0.02% pluronic
F-127 for 30 min at 371C and 5% CO2. After a brief wash to allow for
deesterification, coverslips were transferred to the recording cham-

ber of an Olympus IX71 inverse microscope with an � 20 objective
and Ca2þ responses were measured at 221C. Fura-2 was excited at
340 and 380 nm with a Lambda DG-4 (Sutter Instruments Co.).
Images were exposed for 100 ms and acquired at a rate of 3 Hz with
a CCD camera (Orca-ER; Hamamatsu Photonics). Data were re-
corded and further analysed using Metamorph (MDS Analytical
Technologies). Background was subtracted before calculation of
ratios. After a baseline read with extracellular solution (ECS,
composition: NaCl 145 mM, KCl 5 mM, CaCl2 1.25 mM, MgCl2
1 mM, glucose 10 mM, HEPES 10 mM), DRG neurons were stimu-
lated with 1 nM P-CTX-1, followed by perfusion with 300 nM TTX.
To identify TRPA1-expressing neurons, DRGs were stimulated with
AITC (25mM), while stimulation with 50 mM KCl was used to
identify viable neurons. AITC-sensitive neurons were defined as
cells exhibiting an increase of the ratio R of at least 15% over
baseline fluorescence upon stimulation with AITC; TTXs cells were
defined as cells exhibiting a decrease in intracellular Ca2þ of at
least 50%. Ca2þ responses were presented as the fluorescence ratio
R F340/380 or converted to intracellular Ca2þ concentration after
calibration of Fura-2 fluorescence, using an experimentally deter-
mined Kd of 135 nM and a value of 0.2 and 2.6 for R0 and R1,
respectively.

P-CTX-1 effects on cold-induced Ca2þ responses in DRG
neurons
Dissociated DRG neurons from wt and TRPA1� /� mice were
plated on PDL-coated glass coverslips as described above.
Recordings were performed on an Olympus IX71 inverse micro-
scope with a � 20 objective and Ca2þ responses were measured at
351C. Fura-2 was excited at 340 and 380 nm with a Polychrome V
monochromator (Till Photonics). Images were exposed for 200ms
and acquired at a rate of 1 Hz with a 12-bit CCD camera (Imago
Sensicam QE, Till Photonics). Data were recorded and further
analysed using TILLvisION 4.0.1.3 software (Till Photonics). To
assess Ca2þ responses to cold stimulation and at different tempera-
tures, a system for fast superfusion of the cultured cells was used
(Dittert et al, 2006). Experimental solutions were driven by gravity
from six barrels through electronically controlled valves into a
manifold that consisted of fused silica tubes connected to an
outlet glass capillary. The temperature of the solutions was
preconditioned in a heat exchanger by a miniature Peltier device.
The final temperature was adjusted by densely coiled copper wire,
which wrapped the lower part of the capillary. The temperature was
measured by a miniature thermocouple inserted into the outlet
capillary near to its orifice. After the baseline was established at
351C, DRG neurons were cooled in a ramp-shaped manner to 151C
over a period of 180 s, followed by heating back to 351C within 1 s.
After 60 s, 1 nM P-CTX-1 was applied for 360 s, during which a
second cold stimulus was delivered. For quantitative comparison of
cold sensitization, the maximum increase in intracellular Calcium
after cold stimulation, relative to the 10 baseline reads prior to the
cold stimulus, was determined for control and ciguatoxin-treated
cold responses. Neurons responding to the control cold response
with an increase in intracellular calcium of at least 20 nM were
classified as cold sensitive (34/204 neurons from wt and 28/406
neurons from TRPA1� /� mice), while neurons with an increase
in [Ca2þ ] of o20 nM were classified as cold insensitive. Cold
sensitization was defined as cold responses from previously cold-
insensitive neurons that were at least five times larger after
treatment with P-CTX-1 compared to control (67/170 neurons
sensitized to cold in wt neurons and 25/378 sensitized to cold in
TRPA1� /� neurons).

Cell culture and transfection procedures
Cos-1, HEK293 and ND7/23 cells (all from American Tissue Culture
Collection, Manassas, VA, USA) were routinely maintained in
DMEM containing 10% fetal bovine serum, 2 mM L-glutamine,
pyridoxine and 110 mg/ml sodium pyruvate. Cells were split every
3–6 days in a ratio of 1:5 using 0.25% trypsin/EDTA. Cells were
plated on T75 tissue culture flasks (Nunc) 24 h prior to transfection
and transfected with plasmid DNA of hTRPV1 (J Davis, formerly
GlaxoSmithKline, Harlow, UK), mTRPA1 (A Patapoutian, The
Scripps Research Institute, La Jolla, CA, USA), rNav1.8 (C Nau,
Department of Anesthesiology, Friedrich-Alexander-University
Erlangen-Nuremberg, Erlangen, Germany), hTRPA1 (OriGene
Technologies, Rockville, MD, USA) and hNav1.7 (N Klugbauer and
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F Hofmann, Technische Universität Munich, Germany) using
Fugene (Roche) or Nanofectin (Paa, Austria) according to manu-
facturer’s instructions. Twenty-four hours after transfection, cells
were plated on 96-well plates, 384-well plates or glass coverslips as
required and used 24 h after plating.

Electrophysiological recordings from skin nerve preparations
The effects of P-CTX-1 on C- and A-fibres were assessed using single
fibre recordings from isolated rat and murine skin-saphenous nerve
preparations as previously described (Zimmermann et al, 2009).

The hairy skin of the dorsal hind paw and lower leg of male adult
C57BL/6, TRPA1� /� , Nav1.8� /� mice was removed together
with the saphenous nerve, secured to the bottom of an organ
chamber with the epithelial side facing down and continuously
perfused with carbogenated SIF. Single A- and C-fibres were isolated
from split single fibres of the desheathed saphenous nerve placed in
a separate recording chamber under paraffin oil immersion. The
receptive fields of the single fibres were identified using mechanical
probing. For classification of fibres, the conduction velocity was
determined by electrical stimulation of the receptive field with
a concentric bipolar Platinum/Iridium steel microelectrode and
mechanical sensitivity was assessed using a customized set of
von Frey filaments.

The single fibre receptive fields were then isolated using a thin-
walled glass ring (volume 500ml) and continuously perfused at a
rate of 10 ml/min for temperature control and superfusion with
P-CTX-1 and TTX. In contrast to previous studies, the fibres were
not subjected to heat stimulation in order to avoid induction of
ongoing activity. This entailed classification of the fibres in two
subtypes, CM and CMC. Since only very few CMC fibres were
encountered the present results only summarize cold-insensitive
CM-fibres. The cold stimulus (60 s) was applied using a counter-
current heat exchange application system as previously described
(Zimmermann et al, 2009). DAPSYS V7 (http://www.dapsys.net)
was used to record and analyse the data.

Patch-clamp recordings
Effects of P-CTX-1 on the voltage dependence of activation were
assessed in DRG neurons from Nav1.8� /� mice to eliminate the
major TTXr component.

Whole-cell voltage-clamp recordings were performed with an
EPC-10USB amplifier operated by PatchMaster software (HEKA
Electronics, Lambrecht/Pfalz, Germany), using fire polished 1–
1.5 MO borosilicate glass electrodes (Biomedical Instruments, Jena,
Germany) containing (in mM): 140 CsF, 2 NaCl, 1 EGTA, 10 HEPES
and 5 TEA-Cl; 308 mOsmol (pH 7.4, adjusted with CsOH), and the
extracellular bath contained (in mM): 10 NaCl, 105 Cholin Cl, 3 KCl,
1 MgCl2, 1 CaCl2, 20 TEA-Cl, 0.1 CdCl2, 10 glucose, 10 HEPES; 310
mOsmol (pH 7.4, adjusted with NaOH). For patch-clamp recordings
of rNav1.8 in ND7/23 cells, the pipette solution contained (in mM):
140 CsF, 10 NaCl, 1 EGTA, 10 HEPES and 5 TEA-Cl; 308 mOsmol (pH
7.4, adjusted with CsOH) and the extracellular bath contained (in
mM): 140 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 20 TEA-Cl, 0.1 CdCl2, 10
glucose, 10 HEPES; 326 mOsmol (pH 7.4, adjusted with NaOH). For
current-clamp recordings of cultured DRGs, the pipette solution
contained (in mM): 135 K-Gluconate, 4 NaCl, 3 MgCl2, 0.3 Na-
GTP, 2 Na2-ATP, 5 EGTA, 5 HEPES; 280 mOsmol (pH 7.25, adjusted
with KOH). All recordings were conducted at room temperature
(B211C). Approximately 5 min after establishing cell access, voltage
dependence of activation was assessed using 100 ms step depolar-
izations from a holding potential of � 90 mV or � 100, respectively.
Between each voltage step (DV¼ 10 mV, ranging from � 90 to
þ 30 mV, or from � 90 to þ 60 mV, respectively) cells were held at
Vhold for 5 s. Conductances were calculated from peak currents and
normalized conductances were fitted using a Boltzmann equation
using OriginPro 8.1 (OriginLab Corp., Northampton, MA, USA).

FLIPR Ca2þ Assays
To assess Ca2þ responses using the FLIPRTETRA (Molecular Devices,
Sunnyvale, CA, USA) plate reader, cells were plated at a density of
50 000 cells/well on 96-well black-walled imaging plates (Corning)
or a density of 15 000 cells/well on 384-well black-walled imaging
plates (Corning) 24 h prior to the assay. Cells were loaded with 5mM
Fluo-4 AM (Invitrogen) in PSS/0.3% BSA for 30 min at 371C and 5%
CO2, washed twice with PSS and transferred the recording chamber
of the FLIPRTETRA. Ca2þ responses were measured using a cooled

CCD camera (excitation, 470–495 nm; emission, 515–575 nm), with
camera gain and intensity adjusted to yield a baseline fluorescence
of 1000 arbitrary fluorescence units (AFUs). A two-addition protocol
was used, consisting of 10 baseline fluorescence reads, addition of
antagonists or P-CTX-1 with fluorescence reads every second for
300 s, followed by addition of agonists and a further 300 fluores-
cence reads in 1 s intervals. Raw fluorescence data were converted
to DF/F values as described below.

fMRI in mice
Wt (n¼ 9) and TRPA1� /� (n¼ 10) male mice were anaesthetized
with isoflurane and placed on a cradle inside the MR scanner
(Bruker BioSpec 47/40; 200 mT/m) with a free bore of 40 cm,
equipped with an actively RF-decoupled coil system and a 4-
channel head array coil under careful physiological monitoring
(respiration, temperature). The temperature of the ciguatoxin-trea-
ted or saline-treated paw was controlled by contact using a minia-
ture peltier device (6 mm2 contact surface). In general, the
temperature of the hind paw was kept at 351C, and, during six
repetitive stimulations, cooled down to 151C for 120 s each (pre-
sented at 8 min intervals). The Peltier temperature was remote
controlled using custom-made software as previously described
(Neely et al, 2010). In short, a set of 750 functional EPI images
were acquired with two times k-space averaging resulting in a TR of
4000 ms and a total measuring time of 50 min. Finally, 22
corresponding anatomical T2 reference images (field of view
15�15 mm, matrix 256�128, TR¼ 2000 ms, slice thickness
0.5 mm, TEef¼ 56 ms, RARE) were assembled. Functional analysis
was performed using Brain Voyager QX and our custom-designed
software, MagNan (Knabl et al, 2008). In brief, the following
preprocessing was performed: Motion correction algorithm as
implemented in BrainVoyager was applied (trilinear interpolation,
motion detected always below 1 pixel). Slice time correction was
performed with a Cubic Spline, followed by a high pass temporal
filtering (nine cycles) and a 2D Gaussian smoothing of the data
(FWHM kernel: 2 pixel, in-plane direction). Next, a single contrast-
based GLM analysis (cold stimulus) for each animal was calculated.
To detect significantly activated voxels, statistical parametric maps
(SPMs) of these contrasts were generated for individual animals and
FDR thresholded (q¼ 0.05, two-sided). Different groups of
significantly activated voxels (n44) were labelled belonging to
certain brain structures based on the mouse atlas from Paxinos
(second edition). After registering the individual SPM’s based on
the manual segmented brains by a 12 degree affine transformation
scheme they were averaged over all animals per group. Next, the
resulting group average TRPA1� /� map was subtracted from the
wt map in order to reveal brain areas expressing higher BOLD
signals in wt compared to TRPA1� /� mice: these are the areas
which are expected to be relevant for cold allodynia. Moreover, in a
second, independent approach we characterized all structures of
our pain matrix mouse atlas (Neely et al, 2010) by their temporal
behaviour over the six stimulus repetitions. First, we calculated the
group average BOLD peak response per repetition and brain
structure based on the stimulus-specific GLM predictor. Next,
these amplitudes of each brain structure were fitted by a linear
model. All structures with a slope greater than 0.1 and an r2 greater
than 0.5 were assumed to be directly coupled to the increasing
sensitization observed in response to consecutive cold stimuli as
demonstrated in Figure 6 and Supplementary Figure 6.

Data analysis
Fluorescence values from Ca2þ imaging experiments were con-
verted to DR/R (Fura-2) or DF/F (Fluo-4) values by subtracting
baseline fluorescence readings from subsequent values and normal-
izing to baseline fluorescence as previously described (Minta et al,
1989). For concentration-response curves, maximum values from
the response after addition of agonist were plotted against agonist
concentration and a 4-parameter logistic Hill equation was fitted to
the data using GraphPad Prism Version 4.00 (San Diego, CA, USA).

Statistical analysis
Statistical significance was defined as Po0.05 and was determined
using paired or unpaired Student’s t-tests and one-way ANOVA
analysis with Dunnett’s post test as indicated. Statistical analysis
was performed using GraphPad Prism Version 4.00 or Origin soft-
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ware (OriginLab Corp., Northampton, USA) and SPSS 10.0 (SPSS
Inc., USA).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Abstract: Ciguatoxins (CTXs) are marine toxins that cause ciguatera fish poisoning, a debilitating
disease dominated by sensory and neurological disturbances that include cold allodynia and various
painful symptoms as well as long-lasting pruritus. Although CTXs are known as the most potent
mammalian sodium channel activator toxins, the etiology of many of its neurosensory symptoms
remains unresolved. We recently described that local application of 1 nM Pacific Ciguatoxin-1
(P-CTX-1) into the skin of human subjects induces a long-lasting, painful axon reflex flare and
that CTXs are particularly effective in releasing calcitonin-gene related peptide (CGRP) from nerve
terminals. In this study, we used mouse and rat skin preparations and enzyme-linked immunosorbent
assays (ELISA) to study the molecular mechanism by which P-CTX-1 induces CGRP release. We show
that P-CTX-1 induces CGRP release more effectively in mouse as compared to rat skin, exhibiting EC50

concentrations in the low nanomolar range. P-CTX-1-induced CGRP release from skin is dependent
on extracellular calcium and sodium, but independent from the activation of various thermosensory
transient receptor potential (TRP) ion channels. In contrast, lidocaine and tetrodotoxin (TTX) reduce
CGRP release by 53–75%, with the remaining fraction involving L-type and T-type voltage-gated
calcium channels (VGCC). Using transgenic mice, we revealed that the TTX-resistant voltage-gated
sodium channel (VGSC) NaV1.9, but not NaV1.8 or NaV1.7 alone and the combined activation of
the TTX-sensitive VGSC subtypes NaV1.7 and NaV1.1 carry the largest part of the P-CTX-1-caused
CGRP release of 42% and 34%, respectively. Given the contribution of CGRP to nociceptive and itch
sensing pathways, our findings contribute to a better understanding of sensory symptoms of acute
and chronic ciguatera that may help in the identification of potential therapeutics.

Keywords: voltage-gated calcium channels; calcitonin-gene related peptide; tetrodotoxin; TTX;
P-CTX-1; TRPA1; TRPC5; TRPM8; ciguatera; neuropathic pain; neurogenic inflammation

1. Introduction

Ciguatera is a neurological disease that is caused by the consumption of toxic tropical and
subtropical fish that have bioaccumulated effective levels of ciguatoxins (CTXs). CTXs are cyclic
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polyether molecules derived from gambiertoxins and originate from certain strains of the dinoflagellate
Gambierdiscus toxicus. The precursors are oxidized to CTXs in the fish liver by cytochrome enzymes to
become the most potent mammalian voltage-gated sodium channel (VGSC) toxins known. The Pacific
variants of CTX (e.g., Pacific Ciguatoxin-1, P-CTX-1) are part of three variants and the most abundant
and potent with an LD50 in mice of 0.25 µg/kg i.p. [1]. Ciguatera is known for causing a myriad
of painful and sensory symptoms, including distressing, often persistent sensory disturbances such
as perioral and distal paresthesias, dysesthesias, pruritus, headache, asthenia, myalgia, arthralgia
and tooth pain [2]. Of these neurological disturbances, temperature dysesthesia, or cold allodynia,
a pathophysiological condition where innocuous cold is perceived as painful burning of the skin,
is considered pathognomonic and occurs in up to 95% of ciguatera sufferers.

The neurological symptoms are the effect of variable activation of both tetrodotoxin-sensitive
(TTXs) and resistant (TTXr) VGSCs depending on the tissue expression of the particular subtypes and
the contingent depolarizing effect on other voltage-gated ion channels [3–5]. For example, we found
that cold allodynia results from the particular activation of a specific subpopulation of sensory neurons
that expresses the TTXr VGSC NaV1.8, the Transient Receptor Potential Ankyrin 1 (TRPA1) cation
channel and the calcitonin gene-related peptide (CGRP) [6]. Our study demonstrated that the activation
of VGSCs by P-CTX-1 was sufficient to trigger calcium influx through TRPA1 and to sensitize the
sensory neurons to cold, an effect that was absent in sensory neurons derived from TRPA1-deficient
mice. Furthermore, we found P-CTX-1 to belong to the most potent compounds to induce a long-lasting
axon reflex flare in human skin at a concentration as low as 1 nM. The flare was accompanied by
a slowly fading burning pain and followed by transient cold allodynia located in the area of the
intracutaneous injection and it occurred most likely due to the potent capacity of P-CTX-1 to induce
release of CGRP [7,8].

CGRP is a marker of peptidergic nociceptive neurons and reflects expression of two variants,
CGRPα and CGRPβ, which are encoded by separate genes. CGRP is stored in vesicles and its calcium
influx-dependent release mediates neurogenic inflammation, including local vasodilation, or can lead
to systemic effects via a specific pathway that was found to involve nitroxyl activation of TRPA1 [9,10].
Recently it was found that CGRPα-expressing sensory pathways are required to sense heat, but also
itch, a central and long-lasting symptom of ciguatera, and they suppress cold-responsive spinal
neurons [11]. Other publications revealed that during chronic inflammatory diseases such as colitis,
arthritis, and in migraine release of neuropeptides such as CGRP, but also Substance P (SP) and
neuroimmune interactions may contribute critically to the pathogenesis of the diseases [10,12,13].

Neuroimmune interactions may also be crucial for the development of chronic ciguatera,
a long-lasting form of ciguatera, which seems to be sustained by chronic activation of the immune
system [14]. In fact, with a half-maximally effective concentration of less than 3 nM, P-CTX-1 appears
as the most potent compound to release CGRP from mammalian nerve endings known to date [8,15].
Therefore, a more mechanistic insight into how CTXs cause CGRP release from nerve endings could be
beneficial for the understanding of sensory symptoms in acute and chronic ciguatera.

To this end we measured CGRP release from isolated rat and mouse hindpaw skin using the
ELISA technique. We used transgenic mice lacking TRPA1, TRPV1, TRPC5 and TRPM8 as well as
NaV1.8, NaV1.9 and Advillin-Cre-based NaV1.7-deficient mice. In addition we evaluated the effect of
blockers of voltage-gated T- and L-type calcium channels (VGCC) as well as TTX and a highly selective
small molecule blocker of NaV1.1, ICA-121431 [16].

2. Material and Methods

2.1. Animals, Preparation of Skin Flaps and Solutions

For the release experiments we used skin flaps of the lower hindpaws of young male Wistar rats
(70–80 g; n = 39) and male C57BL/6J mice (15–35 g; n = 136). Additionally, we used different transgenic
mice with the genetic background of C57BL/6J which were matched to their respective littermates or
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C57BL/6J mice when congenic. C57BL/6J mice were obtained from Charles River (Sulzfeld, Germany)
and crossed in house. The mice were held in an open-cage facility with a 12 h light-dark cycle at
24 ◦C room temperature and 40–60% humidity with food and water provided ad libitum. We used
TRPV1 −/− n = 5 and n = 6 C57BL/6J control group [17]; TRPA1 −/− and TRPA1 +/+: n = 9
each [18]; TRPM8 −/− and TRPM8 +/+: n = 7 each [19]; TRPC5 −/− and TRPC5 +/+: n = 7
each [20]; NaV1.8 −/− and NaV1.8 +/+: n = 12 each [21]; NaV1.9 −/−: n = 17 and NaV1.9 +/+:
n = 12 [22]; NaV1.7 −/− (floxed NaV1.7—Advillin-Cre-null mutant mice) and C57BL/6J: n = 10
each [23]. The animals were genotyped according to previously published procedures, as indicated in
the respective publication of each transgenic mouse strain cited in the previous paragraph. The animals
were sacrificed by exposure to a rising CO2 concentration and the hairy skin of both hindpaws was
subcutaneously excised sparing the cutaneous nerve branches. The preparation started at knee
level and excluded the toes and it spared larger vessels, and saphenous and peroneal nerve stems.
The obtained murine skin flaps had an average weight of 0.10 g while the average weight of rat skin
flaps was 0.28 g. They were wrapped around acrylic glass rods with the corium side exposed to the
surrounding solution and were fixed with surgical silk threads. The mounted skin flaps were then
washed for 30 min in carbogen-gassed synthetic interstitial fluid (SIF, pH 7.4) which consisted of (mM):
107.8 NaCl, 3.5 KCl, 0.69 MgSO4, 26.2 NaHCO3, 1.67 NaH2PO4, 1.53 CaCl2, 9.64 sodium gluconate,
5.55 glucose and 7.6 sucrose. SIF free of extracellular sodium had no NaCl, NaHCO3, NaH2PO4 and
sodium gluconate and contained instead (in mM) 108.8 choline chloride, 1 HEPES and 62.49 sucrose;
Ca2+-free SIF was prepared without sucrose and CaCl2 and contained 10 mM EGTA. SIF with 60 mM
KCl had NaCl reduced to 47.8 mM.

2.2. Stimulation Procedure and Compounds

After the initial 30 min wash-out in SIF, the skin flaps were placed for 5 min each into pre-warmed
glass tubes mounted in a shaking bath at 32 ◦C. One day prior to the experiments, the tubes were
treated with Sigmacote© (Sigma-Aldrich, Taufkirchen, Germany) to prevent adhesion of CGRP and
P-CTX-1 to the glass surface. Sigmacote® was refreshed after each 10 experiments. All tubes were
filled with 0.7 mL of SIF or stimulation solution containing various concentrations of P-CTX-1 or
drugs. Chemical treatment was performed during the second or third incubation step, depending
on the experiment. Variations of drug application are described in the text. If not stated differently
stimulation compounds were dissolved in standard SIF.

P-CTX-1 (>95% purity) was isolated from moray eel (Gymnothorax javanicus) liver as previously
described [24], stored as a 1 µM concentrated stock in 50% methanol/50% aqua destillata and diluted in
SIF in the presence of 0.1–0.3% bovine serum albumin (BSA) to avoid loss to plastic. All other reagents
were from Sigma-Aldrich unless otherwise stated. We used the following drugs: tetrodotoxin citrate
(purchased from Ascent Scientific, now part of AbcamBiochemicals, Cambridge, UK) and prepared as
stock solution at a concentration of 1 mM. TTX was used at a final concentration of 1, 10 or 100 µM.
Lidocaine was used at a final concentration of 1 mM and kept at a stock solution of 100 mM. Mibefradil
was prepared at a stock concentration of 10 mM and Nimodipine and Nitrendipine at 1 mM. Both were
diluted to a final concentration of 10 µM. ICA-121431 was prepared as stock solution of 10 mM and
used at a final concentration of 1 µM. To prepare stock solutions, Dimethylsulfoxid or ethanol was
used as solubilizer if necessary. All stock solutions were kept at −20 ◦C and diluted to the final
concentration with SIF.

2.3. Enzyme Immunoassay

iCGRP (immunoreactive calcitonin gene-related peptide) content in the eluates was measured
using enzyme immunoassays (Bertin Pharma, Montigny, France) according to our previously described
procedures [25,26]. Briefly, the samples were mixed with 5-fold concentrated commercial CGRP
enzyme immunoassay buffer (200 µL sample + 50 µL buffer). The buffer consisted of potassium
phosphate buffer (0.1 M), NaCl (0.15 M), 0.1% BSA (g/g), 0.01% sodium azide (g/g) and a cocktail
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of peptidase inhibitors (per mL: leupeptin 20 µg, benzamidin 0.3 mg, pepstatin 2.5 µg, thymostatin
20 µg; plus EDTA 6 mM and THMB 0.36 mg/mL). The enzyme immunoassays were run on 96 well
plates, which were photometrically determined using a microplate reader (Dynatech, Channel Islands,
UK). In our hands the minimum detection limit was 5 pg/mL. The intra and inter-assay coefficients of
variation with repeated measurements were 10–15%.

2.4. Data Analysis

All values of CGRP in the eluates were determined as absolute concentrations (pg/mL). For the
calculation of the dose-response relationship all values were normalized to the basal CGRP release
before stimulation and expressed as fold increase over baseline. Whenever we used absolute
concentrations they were baseline subtracted to isolate the effect of P-CTX-1 on CGRP release.
In figures and text the values are given as means ± SEM. For all experiments evaluating drug
effects, we used matched pair comparisons, i.e., the hindpaw skin of one side served as non-treated
control. This procedure allowed the calculation of the variance of the residual CGRP release and the
comparisons of the respective drug effect. The paired t-test was used for statistical analysis. In all
experiments where we used transgenic mice, we obtained two CGRP measurements per mouse,
one from each hindpaw skin. The data represent the average of all data points. Data were subjected
to analysis with the Grubb’s test for outliers. In addition we calculated a common baseline CGRP
value for rat and mouse and discarded single experiments in which the baseline values were higher
than 4 times the SD obtained from the calculated average baseline (corresponds to 33.00 pg/mL
in the mouse). High baselines usually signify that the skin was damaged during the preparation;
then CGRP release occurs during the 30 min washout before the experiment and may deplete the
nerve terminals. This concerned 10 experiments in the mouse, none in the rat. Comparison between
different groups of experiments was performed with the unpaired t-test, one-way or two-way ANOVA.
The paired t-test was used for comparisons with matched pairs. P-values < 0.05 were considered
significant. Significance is indicated with * for p < 0.05, ** for p < 0.01 and *** for p < 0.001. The EC50

values of P-CTX-1 are defined as the concentrations that elicited 50% of the maximal CGRP release.
To determine EC50, the experimental data were fitted using a Boltzmann sigmoidal model according to
the following equation: y = A1−A2

1+e(x−x0)/dx + A2, where A1 is the maximum, A2 is the minimum, x0 is the
half maximal activation and dx is the slope factor. Note that the EC50 for the mouse was determined
from an estimated dose-response curve due to the lack of sufficient concentration points. The purpose
of this experiment was to compare sensitivity of mouse and rat hindpaw skin and not to determine the
exact EC50.

3. Results

3.1. P-CTX-1-Induced CGRP-Release Is Greater in Mouse Than Rat Skin

In 66 single rat skin flaps the average baseline level was found to be 14 ± 3 pg/mL. In contrast,
the mouse baseline levels were more variable and in some instances below the detection limit.
In 199 single mouse skin flaps the average baseline level of CGRP was found to be 7 ± 6 pg/mL.
The difference between the species was highly significant (p = 2.1 × 10−15, t-test).

We first determined a concentration-response relationship in hind paw skin preparations from
rats with P-CTX-1 concentrations from 0.01 to 31 nM (Figure 1A). We used all data points which were
previously depicted in Figure 1G of [8] and we added additional experiments using 0.031 nM (n = 6),
and increased the N for the remaining concentrations by n = 1–2. In all experiments, stimulation with
P-CTX-1 was performed after one initial baseline measurement of CGRP release following 5 min of
incubation in SIF. In the subsequent step we measured increasing concentrations of P-CTX-1. The final
N included for most concentrations 6 individual experiments: 0.01 nM, 0.031 nM, 0.1 nM, 1 nM
(n = 18), 3.1 nM, 5 nM (n = 4), 10 nM (n = 8), and 31 nM (Figure 1A). At a concentration of 0.31 nM,
P-CTX-1-induced CGRP release reached 19 ± 1 pg/mL and was significantly higher than the preceding
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baseline CGRP release (14 ± 2 pg/mL, n = 6, p = 0.03, t-test). From the Boltzmann fit, the EC50 was
estimated to 2.7 nM P-CTX-1 in rat skin which caused a ~4-fold increase of CGRP release above
baseline. We measured CGRP release from mouse hindpaw skin in response to 0.1 (n = 2), 1 (n = 45),
10 (n = 33) and 31 nM (n = 4) P-CTX-1 and found a comparable concentration dependency, albeit
CGRP-release resulted in a ca. ~13-fold increase above baseline in the mouse at the EC50 which was
estimated to be around 0.9 nM; thus P-CTX-1 appeared at least 3-fold more effective in the mouse as
compared to the rat. At 1 nM the CGRP release reached 14 ± 1 fold (n = 45) and at 10 nM CGRP-release
was 35 ± 4 fold (n = 33) (Figure 1A). This corresponded to total absolute values of 97 ± 9 pg/mL
and 136 ± 16 pg/mL, respectively. As illustrated in Figure 1B, the CGRP release remained high and
significantly elevated above baseline for all subsequent eluates after the removal of P-CTX-1, especially
in the mouse skins. For comparison, in human skin, 1 nM P-CTX-1 caused pain, axon reflex flare,
reflex sweating and cold allodynia, the latter one persisting for approximately 4 h after intracutaneous
injection of a volume of 20 µL. Concentrations of 0.1 nM caused itch and a smaller, less long-lasting
axon reflex flare [8].
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following exposure of rat or mouse hindpaw skin with P-CTX-1 at 1 or 10 nM. Stimulation in mouse 
tissue was more effective and iCGRP release remained high in the incubation steps after P-CTX-1 was 
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flaps of the other side which were incubated in Ca2+-free SIF and were CGRP values remained below 
the detection limit in all incubation steps (n = 2) similar to results with Ca2+-free SIF in other  
tissues [12,27,28]. Due to their high calcium permeability, TRP channels are good candidates for 
mediating P-CTX-1-induced CGRP release which is why we measured CGRP-release in mice 
deficient of the TRPA1 and the TRPV1 receptor channels, since both TRP channels can be co-localized 
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Figure 1. CGRP-release by P-CTX-1 is more effective in mouse than in rat skin. (A) Increasing
concentrations of P-CTX-1 augmented the iCGRP release dose-dependently in rat and mouse
hindpaw skin. The diagram illustrates fold increase of CGRP as compared to baseline. Error bars
represent ± SEM; n = 4–18 (see text). A Boltzmann sigmoidal model was calculated and yielded ~ 4 fold
increase over baseline at the EC50 of 2.7 nM in rat. In the mouse, P-CTX-1 was more effective. The EC50

yielded ~13 fold increase of iCGRP. In the rat, 0.31 nM was the effective threshold concentration with
iCGRP release being significantly elevated above baseline (p = 0.008, t-test). (B) Release of iCGRP
following exposure of rat or mouse hindpaw skin with P-CTX-1 at 1 or 10 nM. Stimulation in mouse
tissue was more effective and iCGRP release remained high in the incubation steps after P-CTX-1 was
removed. Data are measured as pg/mL and expressed as fold increase over baseline. Note that the rat
concentration response function of panel A uses some of the data displayed in Figure 1G of [8].

3.2. P-CTX-1-Induced CGRP Release Requires Extracellular Calcium but Is Not Reduced in Mice Deficient of
TRPV1, TRPA1, TRPM8, or TRPC5

To elucidate the mechanism by which P-CTX-1 releases CGRP from nerve endings, we assessed
P-CTX-1-induced CGRP release in Ca2+-free SIF. In these experiments calcium was replaced with
10 mM EGTA. After 5 min of incubation, the skin flaps were exposed to 1 nM P-CTX-1 for 5 min.
Upon stimulation with P-CTX-1, hindpaw skins of one side were exposed to normal SIF and responded
with an increase of CGRP release of 111 ± 11 pg/mL (n = 2) while P-CTX-1 had no effect on the
skin flaps of the other side which were incubated in Ca2+-free SIF and were CGRP values remained
below the detection limit in all incubation steps (n = 2) similar to results with Ca2+-free SIF in other
tissues [12,27,28]. Due to their high calcium permeability, TRP channels are good candidates for
mediating P-CTX-1-induced CGRP release which is why we measured CGRP-release in mice deficient
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of the TRPA1 and the TRPV1 receptor channels, since both TRP channels can be co-localized with
CGRP and were previously implicated in P-CTX-1 effects on sensory neurons [6,29]. We additionally
tested skin preparations from TRPM8-, and TRPC5-deficient mice, because these channels represent
cold transduction channels and may be involved in the temperature misperceptions often reported by
ciguatera sufferers [2,30]. For these experiments we calculated the mean CGRP-release of skins from
knockouts and compared them to the respective matched controls. The stimulation was performed with
1 nM P-CTX-1 and we found in none of the knockout mice any decrease of the P-CTX-1-induced CGRP
release. The P-CTX-1-induced CGRP release was in TRPA1 −/− 42 ± 5 pg/mL (vs. 41 ± 6 pg/mL
in controls), in TRPV1 −/− 62 ± 10 pg/mL (vs. 62 ± 9 pg/mL), in TRPM8 −/− 37 ± 4 pg/mL
(vs. 37 ± 3 pg/mL), and in TRPC5 −/− 77 ± 12 pg/mL (vs. 65 ± 11 pg/mL; skins from n = 4–8 mice;
Figure 2).
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Figure 2. P-CTX-1-induced CGRP release requires extracellular calcium, but is not reduced in
mice deficient of the TRP channels TRPV1, TRPA1, TRPM8, or TRPC5. The columns represent
1 nM P-CTX-1-induced iCGRP release in pg/mL as measured in incubation step 2 of the
experiment. The values were baseline subtracted and error bars represent ± SEM. White columns
show iCGRP-release from transgenic mice and black columns from the respective littermates or
C57BL/6J-based control group. No differences were apparent (p > 0.05, t-test, sample sizes:
TRPA1 −/−: n = 7 and 8, TRPV1 −/−: n = 4 and 5, TRPM8 −/−: n = 7 each, TRPC5 −/−: n = 6 each).

3.3. P-CTX-1-Induced CGRP Release Requires Extracellular Sodium and Activation of VGSCs

Ciguatoxin exerts its neuronal effects via activation of TTXr and TTXs VGSC subtypes [3–6].
Therefore we next assessed to which extent extracellular sodium is required to mediate the P-CTX-1
effect. In these experiments we used choline chloride and HEPES to replace sodium (see methods).
In sodium free solution, 1 nM P-CTX-1 was ineffective and the CGRP-release appeared reduced to
4 ± 1 pg/mL (n = 4 matched pairs) above baseline, which was 96 ± 2% less than in the matched
contralateral hindpaw skin (112 ± 21 pg/mL; n = 4, p = 1.9 × 10−5, paired t-test). With 10 nM
P-CTX-1, the CGRP-release was 25 ± 5 pg/mL in comparison to the contralateral matched controls
(63 ± 14 pg/mL; n = 11 matched pairs; p = 0.002, paired t-test) which corresponded to an average
reduction by 58 ± 6% (Figure 3A,B).

We next tested whether VGSC blockers lidocaine and TTX had effects equivalent to the sodium
free solution. We first tested in rat skin the blocking effect of 1 µM TTX on 1 and 3.1 nM P-CTX-1
(n = 6 matched pairs each) and of 10 µM TTX on 1 nM P-CTX-1 (n = 3 matched pairs), but found no
clear indication for a reduction of CGRP-release. In the next experiments we used mouse preparations
and TTX at a concentration of 100 µM, which should not leave any TTXr or TTXs VGSC subtypes
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unblocked. In these experiments we induced CGRP-release with 1 nM and 10 nM P-CTX-1. We applied
100 µM TTX in the second incubation step and combined P-CTX-1 and TTX in the third incubation
step. Using 1 nM P-CTX-1 we found CGRP-release reduced to 22 ± 8 pg/mL (n = 8 matched pairs),
which corresponded to 74 ± 6% CGRP less than in the matched contralateral hindpaw skin sides
(81 ± 19 pg/mL; n = 8; p = 0.0012, paired t-test). Similar to the experiments with sodium free solution,
with 10 nM P-CTX-1, TTX was less effective and the P-CTX-1-induced CGRP-release blocked by
43 ± 10% which corresponded to 113 ± 26 pg/mL on the TTX-treated side and 218 ± 35 pg/mL on
the contralateral matched controls (n = 6 per group; p = 0.048, paired t-test; Figure 3A,B). Remarkably,
the levels of reduction achieved with sodium free external solution compared to 100 µM TTX were
significantly different in case of 1 nM P-CTX-1 (p = 0.033, one-way ANOVA with LSD post-hoc test),
but this difference vanished at 10 nM (p = 0.48, one way-ANOVA with LSD post-hoc test).

Next, we compared these results to 1 mM Lidocaine and induced CGRP-release with 1 nM and
10 nM P-CTX-1. With 1 nM P-CTX-1 we found CGRP-release blocked by 53 ± 10% (n = 4; p = 0.03,
t-test) and with 10 nM P-CTX-1 the blocking effect was reduced to 36 ± 19% and the difference between
untreated side and lidocaine-treated skins was no longer significant (99 ± 13 pg/m and 59 ± 14 pg/m;
n = 10 matched pairs; p = 0.06, paired t-test). Similar to sodium free solution and 100 µM TTX, blocking
sodium channels with lidocaine lost some of its effect compared to sodium free with increasing P-CTX-1
concentration; p = 0.002 for 1 nM P-CTX-1, and p = 0.43 for 10 nM P-CTX-1 (one-way ANOVA with
LSD post-hoc test; Figure 3A,B).

Taken together, with the increased concentration of P-CTX-1, the effect of sodium deprivation
and also of 100 µM TTX and 1 mM lidocaine was significantly reduced in contrast to 1 nM P-CTX-1
(p = 0.013, two-way ANOVA between 1 and 10 nM P-CTX-1).

Lidocaine, although applied at 1 mM, appeared weaker in its blocking effect than the VGSC
inhibitor TTX at 100 µM. We tested whether lidocaine’s blocking effect of the P-CTX-1-induced
CGRP-release was specific for its action on VGSC. For this purpose we induced CGRP release with
60 mM KCl, but in this experiment lidocaine had no blocking effect (KCl: 104 ± 27 pg/m and
KCl + 1 mM lidocaine: 91 ± 22 pg/m; n = 10 matched pairs; p = 0.2, t-test). Thus, VGCC or the vesicle
release machinery were not impaired by 1 mM lidocaine in rat or mouse skin [31].

3.4. P-CTX-1-Induced VGSC Opening Triggers Activation of L- and T-Type VGCC

Both high-threshold-activated L- and low-threshold T-type VGCC are present in nociceptive
CGRP-expressing fibers and contribute significantly to CGRP release from axons, especially in response
to high KCl, which induces a slow depolarization [32]. Mibefradil blocks T-type VGCCs, and L-type
channels are blocked by nimodipine. We applied both blockers in combination with TTX 100 µM
at concentrations of 10 µM. Like the other series, these experiments were performed as matched
pair comparisons, here, to the application of TTX 100 µM alone. Specifically, one hindpaw was
incubated with 100 µM TTX in the second step and combined P-CTX-1 (1 nM) and TTX (100 µM) were
applied in the third incubation step. The contralateral paws received, in step 2 in addition to TTX 100
µM, 10 µM of each mibefradil and nimodipine and in the third step the three blocker cocktail was
applied in combination with 1 nM P-CTX-1. The incubation in step 4 contained only mibefradil and
nimodipine. We found that the VGCC-blockers reduced the TTX blocked fraction of the CGRP release
by additional 65 ± 7% or rather it extended the TTX-block by additional 17% (Figure 3A). In this
experiment, the CGRP release appeared reduced from 54 ± 8 pg/mL to 16 ± 7 pg/mL by VGCC block
(n = 12 matched pairs; p = 0.008, paired t-test). From these experiments, the combination of VGSC and
L- and T-type VGCC block abolished the P-CTX-1-induced CGRP-release to almost a level as achieved
with sodium deprivation (Figure 3A). Mibefradil 10 µM alone before and then in combination with
the P-CTX-1 stimulation was ineffective in changing the induced CGRP release (n = 12, not shown).
Similarly, in a comparable experiment, L-type blocker nitrendipine 25 µM (n = 8, not shown) did not
change the P-CTX-1-induced CGRP-release.
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VGCC activation. The columns represent the reduction of the P-CTX-1-induced iCGRP release by
extracellular solution deprived of sodium ions and the respective blockers TTX 100 µM or Lidocaine
1 mM in murine skin. The values were calculated from baseline subtracted iCGRP release in pg/mL
as measured in incubation step 2 and represent a matched pair comparison where one skin side was
treated with drug and the other served as matched control. Statistical comparisons were performed
with the respective t-tests for paired groups (asterisks) or ANOVA (unpaired groups, hashtags where
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n.s. relates to no significant difference. (A) Percent reduction of iCGRP-release induced with 1 nM
P-CTX-1. Sample sizes: sodium-free solution: n = 4 (matched pairs, p = 1.9 × 10−5); 100 µM TTX:
8 pairs (p = 0.001); 1 mM lidocaine: n = 4 pairs (p = 0.03). The matched-pair comparison of the reduction
of P-CTX-1-induced CGRP-release by TTX 100 µM alone (grey column) and the combination of TTX
100 µM with T- and L-type VGCC blockers mibefradil 10 µM and nimodipine 10 µM is calculated as
reduction of the residual iCGRP release after TTX-block and is superimposed and visualized as the bar
filled with striped pattern. The residual iCGRP release after TTX-block is reduced by VGCC block by
additional 17% (n = 14 matched pairs, p = 0.008, paired t-test). (B) Percent reduction of iCGRP-release
induced with 10 nM P-CTX-1. Sample sizes: sodium-free solution: n = 11 (matched pairs, p = 0.002);
100 µM TTX: n = 6 (p = 0.047); 1 mM lidocaine: n = 10 (p = 0.06). Notably increasing concentrations
of P-CTX-1 reduce the effect of both sodium channel block and deprivation of extracellular sodium
(see text).

3.5. Distinct VGSC Subtypes Mediate the P-CTX-1-Induced CGRP Release

To elucidate the specific VGSC subtypes that initiate the CGRP release we used transgenic mice
lacking either of the sodium channels NaV1.7 (floxed NaV1.7—Advillin-Cre-null mutant mice), NaV1.8
or NaV1.9, which co-localize in peptidergic C-fibers [33]. We also used the NaV1.1/1.3 specific sodium
channel blocker ICA-121431 [16] to investigate the role of NaV1.1, which was recently reported to be
expressed in a specific nociceptor subpopulation presumably of Aδ-fiber type including CGRP positive
neurons [34]. In our previous publication we described that P-CTX-1 led to profound activation and
sensitization to cold of Aδ-fibers and induced extraordinarily high firing rates [6]. The expression of
TTXs NaV1.3 occurs mainly in early developmental stages and is very low in healthy adult DRG.

Although NaV1.8-containing pathways are a key component in the pathognomonic symptom
of cold allodynia, we found that absence of NaV1.8 had no effect on the P-CTX-1-induced CGRP
release. In NaV1.8 −/− the 1 nM P-CTX-1-induced CGRP release was 57 ± 5 pg/mL which was
insignificantly less than in the littermate skins which released 69 ± 8 pg/mL (18% difference; n = 8 mice;
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p = 0.2, t-test; Figure 4). Unexpectedly, the absence of NaV1.7 also failed to cause any reduction of
the CGRP release which was 72 ± 7 pg/mL and corresponded to 69 ± 7 pg/mL in the littermates
(5% difference; n = 6 mice; p = 0.7, t-test; Figure 4). In NaV1.9 −/− mice, we found the 1 nM
P-CTX-1-induced CGRP release significantly reduced. The release was 72 ± 10 pg/mL and this
corresponded to 42% less than the release of 126 ± 9 pg/mL in the littermates (n = 8 mice per group;
p = 0.002, t-test). To test whether CGRP release is impaired in NaV1.9 −/−, we used KCl 60 mM as a
stimulus to release CGRP independent of VGSC activation and found that both genotypes responded
similarly to the KCl (183 ± 32 pg/mL and 153 ± 40 pg/mL, respectively, n = 4 mice). Thus, apparently
P-CTX-1 has clear effects on the TTXr NaV1.9 channels and this subtype accounts for half of the
VGSC-mediated effect. We next tested the NaV1.1 blocker ICA-121431 at 1 µM in NaV1.7-deficient
mice, and found that absence and block of these two VGSC subtypes, respectively, led to a significant
reduction of the P-CTX-1-induced CGRP-release. In this experiment, the 1 µM ICA-121431-blocked
1 nM P-CTX-1-induced CGRP-release in the NaV1.7 +/+ skins was 76 ± 8 pg/mL, similar to the other
congenic mouse strains, and this appeared reduced by 34% to 50 ± 8 pg/mL in ICA-121431-blocked
NaV1.7 −/− skins (n = 8 mice per group; p = 0.03, t-test). Similarly, application of 1 µM ICA-121431
to the skins of NaV1.9 −/− led to further decrease of CGRP-release to 28 ± 4 pg/mL and left 22%
residual CGRP release compared to the NaV1.9 +/+ group. The effect of 1 µM ICA-121431 on 1 nM
P-CTX-1-induced CGRP release in wild-type C57BL/6J mice was indifferent from untreated controls
(Figure 4A, right column). We also tested the effect of 1 µM ICA-121431 on NaV1.8-deficient skins,
but found no reduction of the 1 nM P-CTX-1-induced CGRP release.
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Figure 4. P-CTX-1-induced CGRP release is mediated by three distinct VGSC subtypes. The columns
represent P-CTX-1-induced iCGRP release in pg/mL as measured in P-CTX-1 incubation step of the
experiment. The values were baseline subtracted and error bars represent mean ± SEM. Statistical
comparisons were performed with the t-test. Significance is indicated with * for p < 0.05, ** for p < 0.01
and *** for p < 0.001; n.s. relates to no significant difference. (A) Columns show % reduction of
iCGRP-release from transgenic mice compared to the respective littermates or C57BL/6J control group.
The sample sizes were: NaV1.8 −/−: n = 8, NaV1.7 −/−: n = 6, NaV1.9 −/−: n = 8, NaV1.9 −/− +
ICA-121431 (NaV1.1 blocker): n = 5, NaV1.7 −/− + ICA-121431: n = 4, C57BL/6J + ICA-121431: n = 4.
Significant reduction of P-CTX-1-induced iCGRP release occurred in NaV1.9 −/− and amounted to 42%
and 1 µM ICA-121431 further increased the block to 78%. In NaV1.7 −/− 1 µM ICA-121431 reduced
CGRP release by 34% (p = 0.0002 and p = 0.03, respectively, indicated by asterisks). (B) Schematic
calculation of the major contributors to the 1 nM P-CTX-1-induced CGRP release. Dashed lines illustrate
the reducing effect of sodium deprivation and the TTX-blocked fraction. The VGSC contribution is
composed of NaV1.9 (42%) and NaV1.7 + NaV1.1 (34%). Note that both may contain some VGCC effect
and also other VGSC subtypes might contribute with minor fraction.
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4. Discussion

Our findings illustrate that P-CTX-1 leads to potent CGRP release in a concentration-dependent
manner in rat and mouse skin. The effective threshold concentration for CGRP release in the rat was
0.31 nM and the EC50 was 2.7 nM. In the mouse, the EC50 was estimated to 0.9 nM; nevertheless at
the EC50, the CGRP release was augmented ca. 4-fold in the rat, while it was increased by ca. 13-fold
in the mouse. At saturating concentrations this reached a maximum of 12- and 33-fold, respectively.
This difference may relate to mouse skin being thinner and its superficial nerve endings being more
efficiently exposed than the thicker rat skin [26]. In addition, in the mouse CGRP can pass the
epineurium in contrast to the rat and the diffusion barrier for drugs is reduced [35]. TTX for example
requires between 120 and 180 seconds in the mouse to block nerve endings, while in the rat 20–40 min
are observed [36,37]. Remarkably, ciguatoxins are the most potent drugs in inducing CGRP release
identified, with 1 nM P-CTX-1 releasing 98 ± 9 pg/mL from mouse hindpaw skin. In a previously
established co-culture of rat DRGs with human keratinocytes, P-CTX-2 was found to release even
more CGRP; at 1 nM on average 300 pg/mL were released and with 10 nM the CGRP release was
even higher and it augmented further over time [15]; this is particularly surprising, because P-CTX-2
is 9-times less potent than P-CTX-1 in mice [24]. Most likely the co-culture model contains higher
amounts of CGRP per se or is a more sensitive assay for measuring CGRP release. In the mouse skin,
10 nM was already the saturation concentration and induced a 33-fold increase of CGRP over baseline
values which corresponded to 135 ± 16 pg/mL CGRP. The potency of CTXs is quite remarkable and its
large effect on CGRP release could be of great importance for the clinical symptomatology of ciguatera.

P-CTX-1-induced neuropeptide release requires calcium-dependent exocytosis, because deprivation
of extracellular Ca2+ or Na+ led to complete inhibition of the stimulated release and the release is
blocked by specific blockers of VGSCs and VGCCs. Release of calcium from intracellular stores,
cytotoxicity or pore-forming effects as they occur with the bacterial toxin ionomycin do not contribute
to the P-CTX-1 effect [38,39]. This is in line with previous studies that illustrated neurosecretory
effects of CTXs from chromaffin cells and synapses [40,41]. TRPA1, which we found earlier to be
a prominent molecular marker of a population of CGRP-expressing sensory neurons, which are
strongly affected by P-CTX-1 [6], would have been a promising candidate to mediate the increase in
intracellular calcium in these neurons due to its high calcium conductance [42]. Similarly important,
the CTX-related gambierol was identified to exert an allosteric effect on the TRPV1 receptor via an
acting site related to the intracellular binding site of capsaicin [29]. Nevertheless our experiments with
the null-mutant mice demonstrated that none of the major thermosensory TRP-channels contributed
to the P-CTX-1-mediated effects on CGRP release, at least not with 1 nM. The lack of a TRPM8 effect is
not surprising because it is sparsely co-expressed with CGRP [43]. As for TRPC5, data are not available
but its expression concerns about 30% of small-diameter DRGs in the mouse, and little co-expression
with TRPM8 occurs [44].

The primary targets of CTXs are TTXs and TTXr VGSC [3–6]. Similar to a previous report from
the DRG-keratinocyte co-culture [15], we found that only a high concentration of TTX (100 µM),
inhibiting all VGSC, had a blocking effect on the skin preparations, but the effect was still less
as compared to sodium free solution (74% reduction by TTX as compared to a 96% reduction in
sodium free solution that should safely prevent any depolarization upon P-CTX-1). The effect of
lidocaine was a 53% reduction, statistically indifferent from TTX 100 µM. The neuronal afferents
innervating the hindpaw skin comprise sensory saphenous nerves, and CGRP is expressed in ~40% of
Aδ-fibers and 50% of C-fibers [45,46] which contribute to the release by depolarizing sodium channel
subtypes. In our experiments, the major contributor and only TTXr subtype was NaV1.9. Its absence
reduced CGRP release by 42%. The lack of a difference between NaV1.8 and littermates indicated
that NaV1.8 does not contribute to the CGRP-release despite its substantial contribution to the action
potentials in nociceptors [47,48]. NaV1.8 is found in 85% of the C-fiber nociceptors [49] and, even more,
our previous results identified NaV1.8 as a major contributor to cold allodynia caused by P-CTX-1 in
mice via peptidergic nociceptors [6]. Nevertheless, both NaV1.8 and NaV1.9 co-localize with peripherin
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and have a considerable overlap in peptidergic neurons [33,50,51]. The NaV1.9-mediated sodium
current produces a persistent non-inactivating current, which is important in the regulation of C-fiber
excitability. This current allows sub-threshold long-lasting depolarization and oscillatory bursting
discharge [52,53], which may be relevant for the oscillatory depolarization caused by P-CTX-1 [54].
Importantly, the CGRP release itself was not impaired in the NaV1.9 −/− mice since KCl-induced
CGRP release was unaffected.

The relevant TTXs VGSC candidates potentially mediating the remaining CGRP-release included
NaV1.7, NaV1.1 and NaV1.6, because NaV1.3, as well as NaV1.2 are undetectable in adult DGR
neurons [50] and a recent report has confirmed the presence of NaV1.1 in a subpopulation of peptidergic
Aδ-fibers with in situ hybridization [34]. The large concentration of TTX required to effectively reducing
CGRP release may indicate that it is only caused by P-CTX-1 effects on TTXr VGSC subtypes. However,
our experiment of combining block of NaV1.7 deletion or NaV1.9 deletion with NaV1.1 block indicates
that more likely simultaneous activation of TTXs and TTXr VGSC subtypes and subsequent VGCC
activation mediate the P-CTX-1-induced CGRP release. The NaV1.9 deletion reduced the P-CTX-1
response by 42%, additional block of NaV1.1 reduced it further and left 22% residual CGRP-release.
In addition the pharmacological block of NaV1.1 in NaV1.7 knockouts reached 34% reduction, together
with the effect of NaV1.9 these three VGSC subtypes would account for about 76% which is the degree
of inhibition achieved with 100 µM TTX. Further inhibition of P-CTX-1-induced CGRP release by
about 17% was achieved by combining TTX with the VGCC blockers. Thus, the inhibitory effect of
extracellular sodium depletion was also reached by combining the pharmacological VGSC and VGCC
channel antagonists. However, with 1nM P-CTX-1 the VGCC blockers mibefradil and nitrendipine
applied alone, i.e., without TTX 100 µM, had no measurable effect on the CGRP release. Likely the
effect of each VGCC subtype is too small to be detected separately.

Although activation by P-CTX-1 of VGSCs (NaV1.9, NaV1.7 and NaV1.1) and secondary activation
of VGCCs seems to account for most of the CGRP-releasing effect of 1 nM P-CTX-1, the 10 nM,
saturating concentration of the toxin obviously involved further mechanisms that were partly (ca. 40%)
independent of depolarizing sodium influx and less effectively blocked by 100 µM TTX or 1mM
lidocaine. The CTX-related toxin gambierol of Gambierdiscus toxicus binds to voltage-gated potassium
channels (VGKC) and thereby leads to block and induces neuronal Ca2+ oscillations with an EC50 of
18 nM [55]. Direct effects of gambierol on particular subtypes were also measured and occurred at
EC50 between 34 and 64 nm [56]. Block of VGKC was previously found for CTX and occurred at a
concentration of 2–20 nM [57]. It is likely that VGKC become directly inhibited, contributing to the
CGRP release. TRP channels, such as TRPV1 were also modulated by gambierol, but the effects were
not direct and involved allosteric modulation, which occurred with an EC50 of 600 nm [29]. Therefore
it is less likely that 10 nM CTX would open TRPV1 or TRPA1 directly.

Although much later clarified, the potent vasodilatory action of CGRP was discovered in 1901
when Bayliss described the antidromic vasodilatation evoked by electrical stimulation of spinal dorsal
roots [58]. This phenomenon obviously depends on the generation and propagation of action potentials,
like the sensory phenomena associated with Ciguatera depend on the transmission by action potentials.
When CGRP release evoked by electrical (saphenous) nerve stimulation of isolated rat skin was first
measured, a threefold increase over baseline was achieved by 1200 pulses during 5 min at 4/s [59].
In major contrast, P-CTX-1 could achieve a 12-fold increase of CGRP release from rat hairy hindpaw
skin (at saturating concentration) and 33-fold (Figure 1) from mouse hairy hindpaw skin, suggesting
that action potentials are much less efficient in raising intraaxonal calcium and evoking neuropeptide
exocytosis than the sustained depolarization caused by P-CTX-1. This may finally account for the major
role in our results of the non-inactivating NaV1.9 in contrast to the more or less rapidly inactivating
NaV1.7 and NaV1.8 that are decisive as action potential generators for the sensory symptoms but not
for the neurogenic inflammation caused by ciguatoxins.
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Abstract
Crotalphine is a structural analogue to a novel analgesic peptide that was first identified in the crude venom from the South American
rattlesnake Crotalus durissus terrificus. Although crotalphine’s analgesic effect is well established, its direct mechanism of action
remains unresolved. The aim of the present study was to investigate the effect of crotalphine on ion channels in peripheral pain
pathways. We found that picomolar concentrations of crotalphine selectively activate heterologously expressed and native TRPA1
ion channels. TRPA1 activation by crotalphine required intact N-terminal cysteine residues and was followed by strong and long-
lasting desensitization of the channel. Homologous desensitization of recombinant TRPA1 and heterologous desensitization in
cultured dorsal root ganglia neurons was observed. Likewise, crotalphine acted on peptidergic TRPA1-expressing nerve endings ex
vivo as demonstrated by suppression of calcitonin gene-related peptide release from the trachea and in vivo by inhibition of
chemically induced and inflammatory hypersensitivity in mice. The crotalphine-mediated desensitizing effect was abolished by the
TRPA1 blocker HC030031 and absent in TRPA1-deficient mice. Taken together, these results suggest that crotalphine is the first
peptide to mediate antinociception selectively and at subnanomolar concentrations by targeting TRPA1 ion channels.

Keywords: Crotalphine, Desensitization, TRPA1, CGRP, Ciguatoxin, Bradykinin, Zymosan

1. Introduction

Reports dating back to the early 20th century mention benefits of
various snake venoms in the treatment of human disease
conditions including pain.4,25,31 Analgesic snake venom compo-
nents are rare but are, for example, found in the venom from the
Indian King cobra Ophiophagus hannah (hannalgesin), the
Taiwan cobra Naja naja atra (cobrotoxin), and the African black
mamba Dendroaspis polylepis (mambalgin).8,17,29 Among these
appears also the venom of themost prevalent South American pit
viper of the crotalinae subfamily, the Crotalus durissus terrificus
rattlesnake, the bite of which is often fatal, but surprisingly—and
much in contrast to the bite of the 3 other named snakes—not
accompanied by local pain. In fact, potent and long-lasting

analgesia from this venom was recognized early by the iconic
Brazilian physician and immunologist Dr. Vital Brazil4 and later on
quantified in experimental models of acute inflammatory and
chronic neuropathic and cancer pain.6,12,27,28 More recently, an
analgesic low–molecular weight component was isolated and
synthesized.

Crotalphine represents a 14-amino acid structural homologue
of an identified native analgesic venom component with oral
bioavailability and bioactivity.19 The name crotalphine was an
association of its origin from crotalid venom and morphine,
because previous findings fostered the hypothesis that opioid
receptors or endogenous opioids are involved in the crude
venom’s and the synthetic peptide’s analgesic mechanism of
action.19,27 In contrast to opioids, prolonged treatment with
crotalphine does not induce tolerance andwithdrawal symptoms,
which further highlights the therapeutic potential of this peptide.13

In detail, oral (1 mg/kg), intravenous (0.04 mg/kg), and
intraplantar (0.0006 mg/paw) doses of crotalphine lead to
long-lasting (5 days) analgesia in the prostaglandin E2–induced
and carrageenan-induced inflammatory pain models in rats. In
these models, crotalphine’s analgesia was suppressed by the
highly selective kappa-opioid receptor antagonist norbinaltor-
phimine19 and by intraplantar injection of dynorphin A
antiserum or AM630, a CB2 receptor antagonist.22 Similarly,
in the sciatic nerve chronic constriction model of neuropathic
pain, potent analgesia by crotalphine was fully reversed by the
delta-opioid receptor antagonist naltrindole and partially by
norbinaltorphimine.14 Nevertheless, crotalphine is not an
opioid receptor agonist, suggesting that opioid receptors
become involved somewhere downstream of crotalphine’s
direct actions. Therefore, the aim of the present study was to
identify direct molecular targets of crotalphine in the pain
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pathway. Our search included voltage-gated calcium and
sodium channels, nicotinic acetylcholine receptors (nAChRs)
as well as transient receptor potential (TRP) channels. We used
the FLIPRTetra high-throughput cellular screening system as
well as conventional Fura-2 AM calcium imaging, compound
action potential (CAP) and whole-cell voltage clamp record-
ings, a calcitonin gene-related peptide (CGRP) release assay
and in vivo behavioral models. Our data provide clear evidence
that crotalphine partially activates and strongly desensitizes the
TRPA1 ion channel at subnanomolar concentrations and that
this effect is essential for crotalphine’s analgesic action. Of
note, the tertiary structure of human TRPA1 has recently been
resolved on atomic level,26 which will surely impact the design
of drugs targeted to this type of ion channels.

2. Experimental procedures

2.1. Animals

The experiments were performed in accordance with the guide-
lines of the International Association for the Study of Pain.41

Breeding, procedures for animal handling, and all live experi-
ments in wild-type (WT) and transgenic mice were approved by
the district government of Mittelfranken, Ansbach, Germany.
Adult C57BL/6 and TRPA1-deficient mice were used. Breeding
pairs of TRPA1-deficient mice were obtained from Dr. David
Corey20 and continuously backcrossed to C57BL/6 for at least 9
generations. The mice were housed in group cages in
a temperature-controlled environment on a 12-hour light/dark
cycle and were supplied with water and food ad libitum. Mice of
either sex (body weight, 15-25 g) were killed by exposure to
increasing CO2 atmosphere (approved by the Animal Protection
Authority, District Government Mittelfranken, Ansbach, Germany).

2.2. Chemicals

Crotalphine (,E–F–S–P–E–N–C–Q–G–E–S–Q–P–C, where ,E
is a pyroglutamic acid, and there is a disulfide bond between 7C
and 14C) was synthesized by the American Peptide Co
(Sunnyvale, CA), with Fmoc chemistry in the solid phase, as
described previously,19 and stored lyophilized at220˚C until use.
Stock solutions were made in sterile distilled water. For in vivo
experiments, crotalphine was diluted in sterile Ringer solution and
administered by oral (gastric cannula) or intravenous route. For
CAP, patch-clamp and calcium imaging experiments, crotalphine
was diluted in extracellular solution containing (in millimolars):
145.0 NaCl, 5 KCl, 1.25 CaCl2, 1 MgCl2, 10 HEPES, and 10
glucose (pH 7.4). Ciguatoxin (.90% purity) was isolated from
moray eel (Gymnothorax javanicus) liver as previously de-
scribed.21 Ciguatoxin (0.13 ng/paw), zymosan (25 mg/paw),
and bradykinin (3 mg/paw) (both from Sigma-Aldrich, Germany)
were diluted in sterile Ringer solution and injected intraplantary in
a volume of 40mL under light diethyl ether anesthesia. HC030031
(Tocris, Bristol, United Kingdom) was diluted in a mixture of 10%
dimethyl sulfoxide, 5% Tween 80, and 85% sterile distilled water,
warmed at 37˚C and sonicated for 20 minutes before in-
traperitoneal administration. In calcium imaging experiments,
the stock solution of reagents was made in water or methanol.
Immediately before use, fresh solutions were prepared in
extracellular solution. To assess responses of specific ion
channels, the following substances were used: 100mM carvacrol
(TRPA1), 50 nM capsaicin (TRPV1), 100mMprobenecid (TRPV2),
210 mOsm extracellular solution (TRPV4), 100 mM carbachol
(TRPC5), and 100mMmenthol (TRPM8). In FLIPRTetra assays, the

following substances were used31,34,35: 30 mM choline/10 mM
PNU120596 (a7 nAChR), 30 mM nicotine (a3b2/a3b4 nAChR),
90 mM KCl/5 mM CaCl2 (Cav1.3), 90 mM KCl/5 mM CaCl2/
10mMnifedipine (Cav2.2), 5mMveratridine/30 nMOD1 (Nav1.7),
150 mM deltamethrin/1 mM tetrodotoxin (Nav1.8), 0.001 to
10 mM allyl-isothiocyanate (AITC; TRPA1). The Nav1.7 activator
OD1 was a kind gift from Dr. Thomas Durek (The University of
Queensland, Australia).

2.3. Transiently and stably transfected cell lines

Human embryonic kidney 293t cells (HEK293t) were cultured in
low (1 g/L) glucose Dulbecco modified Eagle medium (DMEM)
medium supplemented with 10% fetal bovine serum (FBS; both
from Sigma-Aldrich, Taufkirchen, Germany) and transfected with
plasmids containing WT human (h) TRPV1, TRPV2, TRPV4,
TRPM8, TRPA1, or mouse (m) TRPC5 (coexpressed with human
muscarinic M1 receptor to allow for phospholipase C-coupled
agonist activation). In addition, HEK293t cells were transfected
with 2 previously established hTRPA1 mutants, targeting the
binding sites of known noncovalent and covalent TRPA1
agonists. This includes hTRPA1-S873V/T874L (abbreviated ST)11

and hTRPA1-C621S/C641S/C665S (abbreviated 3C).10 Trans-
fections were performed using Nanofectin (PAA, Cölbe, Germany).
The following cells were used in the FLIPRTetra assays: COS1 cells
cultured in DMEM medium supplemented with 10% FBS and
transfected with human TRPA1; SH-SY5Y cells endogenously
expressing the humanNav1.7, Cav1.3, Cav2.2, a7- and a3b2/b4-
nAChR and cultured in RPMI medium (Invitrogen, Australia)
supplemented with 15% FBS and 1 mM L-glutamine31,34,35; CHO
cells stably expressing the human Nav1.8 ion channels (ChanTest,
Australia) cultured in DMEMmedium supplemented with 10% FBS
and zeocin/blasticidin. Transfected cells were used 24 hours after
dissociation.

2.4. Dorsal root ganglia culture

Dorsal root ganglia (DRG) were harvested from the lumbar
segments of adult C57BL/6 or TRPA1-deficient mice and
transferred to DMEM (Life Technologies, Darmstadt, Germany)
supplementedwith gentamicin (50mg/mL; Sigma-Aldrich). DRGs
were incubated for 1 hour in 1 mg/mL collagenase/0.1 mg/mL
protease (Sigma-Aldrich). After enzymatic digestion, ganglia were
dissociated with fire-polished Pasteur pipettes and neurons were
plated on glass coverslips coated with Poly-D-lysine (100 mg/mL;
Sigma-Aldrich). DRG neurons were cultivated in serum-free TNB-
100 medium supplemented with TNB-100 protein–lipid complex
(Biochrom, Berlin, Germany), penicillin/streptomycin (100 U/mL
each; Life Technologies, Darmstadt, Germany), and nerve growth
factor (mouse NGF 7S, 100 ng/mL; Alomone Labs, Jerusalem,
Israel) at 37˚C and 5% CO2. Experiments were performed 24
hours after cell seeding.

2.5. High-throughput FLIPRTetra assay

FLIPRTetra is a high-throughput cellular screening system
dedicated to the quantification of luminescent and fluorescent
signals in homogeneous cell populations. In this study, the
FLIPRTetra plate reader (Molecular Devices, Sunnyvale, CA) was
used to assess changes in membrane potential or intracellular
calcium. Cells expressing ion channels were plated at a density of
10,000 cells per well on 384-well black-walled imaging plates
(Corning, Corning, NY). One day after plating, cells were loaded
with Fluo-4 AM (5 mM; Invitrogen, Australia) or membrane
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potential dye (Red; Molecular Devices) for 30minutes at 37˚C and
5% CO2, washed twice with physiological salt solution and
transferred to the recording chamber of the FLIPRTetra plate.
Changes in the membrane potential or intracellular calcium were
measured using a cooled CCD camera (membrane potential:
excitation, 510-545 nm; emission, 515-575 nm; calcium
responses: excitation, 470-495 nm; emission, 515-575 nm) for
300 seconds. Raw fluorescence data were analyzed using
Screenworks 3.2.0.14 (Molecular Devices), fitted using Graph-
Pad Prism version 6.00 and shown as response over baseline.

2.6. Intracellular ratiometric calcium measurements

The DRG neurons and transiently transfected HEK293t cells were
loaded with the fluorescent calcium indicator Fura-2 AM (3 mM;
Biotium,Scarborough,Canada) supplementedwith 0.02%pluronic
F-127 (Invitrogen) for 30 minutes. Fura-2 was excited at 340 and
380 nm with 3 milliseconds exposure time at 1 Hz. Images were
acquired with the TillVision software package from a peltier-cooled
slow-scan CCD camera system with a PolyV monochromator (Till
Photonics, Gräfelfing, Germany) coupled to an inverted micro-
scope. Cells were continuously superfused at a rate of 0.3 mL/min
through a gravity-driven and software-controlled common-outlet
perfusion system.9 For microfluorimetry, the extracellular solution
contained 1.25 mM CaCl2; all substances were diluted in this
solution. The experiments were performed at room temperature.
The fluorescence ratio was calculated for all regions of interest after
background subtraction. The area under the curve of the ratio
during application periods compared with control periods was
used for analysis. KCl (60 mM) for neurons or ionomycin (2 mM) for
cell lines was applied at the end of every experiment to discard
nonresponsive cells and acquire a maximum response.

2.7. Compound action potential recordings

CAP recordings were simultaneously acquired fromC and A fibers
of the saphenous nerve harvested from adult C57BL/6 mice. The
nervewas exposed anddissected fromabove the inguinal ligament
to the ankle where it starts to branch in the skin.30 The preparation
wasmounted in a 3-compartment chamber perfused continuously
with synthetic interstitial fluid (SIF) containing (in millimolars): 107.8
NaCl, 3.5 KCl, 1.53 CaCl2, 0.69 MgSO4, 26.2 NaHCO3, 1.67
NaH2PO4, and 9.64 sodium gluconate (pH 7.4). Each end of the
nervewas threaded through a perforated rubber foil into a separate
side chamber filled with fluorocarbon oil FC-43 (3M, Germany) and
placed on a pair of gold wire electrodes. The CAP of the entire
population of nerve axons was evoked by 25% supramaximal
electrical stimulation with constant voltage pulses (A395; World
Precision Instruments, Germany) of 0.1 milliseconds duration at
a rate of 0.2Hz and recordedmonopolar. After a 20-minute control
period in SIF, effects of crotalphine (0.1, 1, and 10 mM) applied for
20 minutes on both latency and amplitude of C-fiber and A-fiber
CAPs were assessed. Latency was calculated as the delay after
which a trigger level in the lower third of the CAP upstroke was
exceeded. The amplitude was taken between the maximum and
minimum excursions of the recorded waveform. Data were
acquired and analyzed using CEDMicro1401 andSpike2 software
(Cambridge Electronic Design, Cambridge, United Kingdom).

2.8. Patch-clamp recordings

Whole-cell recordings in voltage clamp mode were performed on
hTRPA1-expressing HEK293t cells using an Axon Axopatch 200B
patch clamp amplifier and the pCLAMP 10 software (Molecular

Devices). Electrodes were pulled from borosilicate glass tubes
(World Precision Instruments) and heat polished for a final re-
sistance of 3 to 4MV. The standard extracellular solution contained
(in millimolars) 145 NaCl, 5 KCl, 1 MgCl2, 1.25 CaCl2, 10 glucose,
and 10 HEPES (pH 7.4). The pipette solution contained (in
millimolars) 140 CsAsp, 10 EGTA, 10 HEPES, 2.27 MgCl2, 1.91
CaCl2, 4 MgATP, and 0.2 Na2GTP (pH 7.2). Solutions were applied
with a gravity-driven and software-controlled common-outlet
perfusion system.9 The whole-cell currents were sampled at 2
kHz and filtered at 1 kHz using a patch-clamp amplifier (Axopatch
200B; Molecular Devices). Between 70% and 80% of the series
resistance was electronically compensated to minimize voltage
errors. The voltage sensitivity of membrane currents were in-
vestigated using either a voltage rampprotocol (2100 to1100mV,
400-millisecond duration applied every 4 seconds) or depolarizing
voltage steps up to 1160 mV followed by repolarization to the
holding potential of260 mV. The protocol was controlled and data
were analyzed with the pCLAMP 10 software (Molecular Devices).

2.9. Trachea preparation

The trachea was excised together with the 2 main bronchi, and
hemisected along the sagittal midline. One half of the trachea
preparation was used as the control and the other half for
chemical treatments, taking advantage of minor intraindividual
variability of the CGRP release. The preparations were placed for
30 minutes at 37˚C in carbogen-gassed (95% O2 and 5% CO2)
SIF (mentioned above). After the initial rest period, the isolated
tracheawasmounted in a shaking bath at 37˚C and consecutively
incubated for 5 minutes in each of 4 tubes containing 125 mL
synthetic interstitial solutionwithout or with stimulation chemicals.
The first 2 incubations were performed to determine the basal
CGRP release and variations at 37˚C. The third tube contained
the stimulating chemicals diluted in SIF. The final tube was for
washout and to check for reversal.

2.10. CGRP release

The CGRP content of the incubation fluid was measured using
commercial enzyme immunoassay kits (Bertin Pharma, Mon-
tigny-le-Bretonneux, France) with a detection threshold of 5 pg/
mL. For this purpose, 100mL of the sample fluidwas stored on ice
and mixed, immediately following the trachea incubation period,
with 25 mL of 5-fold concentrated commercial CGRP enzyme
immunoassay buffer that contained a cocktail of peptidase
inhibitors. The CGRP contents were determined after the end of
the experiment; the antibody reactions took place overnight. The
enzyme immunoassay plates were scored photometrically using
a microplate reader (Dynatech, Channels Islands, United
Kingdom). To reduce interindividual variability and day-to-day
baseline variability, the second baseline value (before stimulation)
was subtracted from all 4 data points of a typical experiment, so
that only the absolute change in CGRP release (D pg/mL) is
displayed in the figures.

2.11. Behavioral assessment

2.11.1. Ciguatoxin-induced cold hypersensitivity

To assess ciguatoxin-induced cold hypersensitivity, ciguatoxin
(0.13 ng/40 mL) was injected into the hind paw of adult WT
C57BL/6 or TRPA1-deficient mice. Crotalphine (100 mg/kg) was
administered orally 10 to 15 minutes before ciguatoxin. To
measure the cold hypersensitivity, mice were placed on
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a temperature-controlled Peltier plate (Ugo Basile, Italy) at 15˚C
and the number of flinches, bites, and shakes of the injected paw
over a 5-minute period were counted for 7 hours.

2.11.2. Bradykinin-induced and zymosan-induced
mechanical hypersensitivity

To assess bradykinin-induced and zymosan-induced mechanical
hypersensitivity, bradykinin (3 mg/paw) or zymosan (25 mg/paw)
was injected into the hind paw of WT C57BL/6 or TRPA1-deficient
mice, as previously described.24,38 Crotalphine (0.2-100 mg/kg)
was given orally or intravenously 10 to 15minutes before bradykinin
or 2 hours after zymosan. The TRPA1 blocker HC030031 (100mg/
kg) was given intraperitoneally 30 minutes before crotalphine. To
measure the mechanical hypersensitivity, mice were placed in
acrylic wire mesh-bottomed cages 1 hour before the beginning of
the test in a quiet room. After the adaptation period, themechanical
withdrawal threshold was measured using the electronic Dynamic
Plantar Aesthesiometer (Electronic von Frey, Ugo Basile). The rigid
tip of the esthesiometer (0.5 mm diameter) was applied perpen-
dicular to the plantar surface of the hind paw with an increasing
force (0-20 g in 50 seconds; cutoff 5 20 g). When the mouse
withdrew its hind paw (brisk withdrawal), the mechanical stimulus
was automatically aborted and the actual force (withdrawal
threshold) was digitally recorded (in grams). Measurements were
taken at baseline (time5 0), 3 and 6 hours after zymosan injection
and averaged. A significant reduction in paw withdrawal thresholds
compared with baseline values was defined as mechanical
hypersensitivity. In mice pretreated with HC030031, the withdrawal
threshold was measured using the Electronic von Frey Anesthesi-
ometer (IITC Life Science, Woodland Hills, CA). This apparatus also
uses a rigid tip, but the experimenter applies an increasing force
with a hand-held force transducer, as previously described.7 The
injection pattern was always randomized, and all measurements
were carried out by an observer blinded to treatment regimes.

2.12. Statistical analysis

Data were analyzed using GraphPad Prism software version
6.00 (San Diego, CA) and significance testing with Student t
test, one- or 2-way analysis of variance (ANOVA) followed by
Tukey post hoc test. Concentration-response curves were
fitted by the Boltzmann or 4-parameter Hill equation using
Origin version 6 (OriginLab, Northampton, MA) and GraphPad
Prism software, respectively. Significance testing (between
IC50) was performedwith 1-way ANOVA followed by Tukey post
hoc test. Data points represent mean 6 SEM. Statistical
significance was defined as P , 0.05.

3. Results

3.1. Crotalphine activates and sensitizes TRPA1 through
covalent modification of specific cysteine residues in the N
terminal of the channel

To identify potential new molecular targets for crotalphine, we
used both the FLIPRTetra-based calcium assay and conventional
calcium imaging, and screened 6 TRP ion channels that play
central role in nociception under physiological and pathological
conditions. For this, we heterologously expressed the human
TRPV1, TRPV2, TRPV4, TRPM8, TRPA1, and mouse TRPC5 ion
channels in HEK293t cells. Mouse TRPC5 ion channels were
coexpressed with the human muscarinic M1 receptor to allow
phospholipase C–coupled agonist activation. Although crotal-
phine (1 mM) had no effect on 5 of the 6 TRP channels tested, it

robustly increased calcium influx in hTRPA1-expressingHEK293t
cells, resulting in significant increase in fluorescence ratio,
represented as area under the curve (AUC) in Figure 1A (ANOVA
F(5,667)5 276, P, 0.001 for TRPA1, Tukey post hoc test; n5 85-
176 cells). Subsequent experiments using the FLIPRTetra-based
calcium assay demonstrated that crotalphine also potentiates the
response of hTRPA1-overexpressing COS1 cells to agonists
of TRPA1 such as AITC (Fig. 1B; P 5 0.049, unpaired Student
t test; n 5 3). Even at subnanomolar concentration (0.64 nM),
crotalphine shifted the AITC concentration–response curve
leftward, an effect that was saturated at 16 nM (Fig. 1C; ANOVA
F(3,127)5 62.3, P, 0.001 for IC50 values of control vs crotalphine
0.4 mM, 16 and 0.64 nM, Tukey post hoc test; n 5 3).

Using conventional calcium imaging with the fluorescent
calcium indicator Fura-2 AM, we show that the effect of
crotalphine on heterologously expressed human TRPA1 was
concentration (Fig. 1D) and time dependent (Fig. 1E). The
activating effects of crotalphine were again observed at nano-
molar concentration (EC50 5 46 nM). In addition, applications of
crotalphine (1 mM) lasting up to 120 seconds resulted in
incremental rises of the intracellular calcium. Crotalphine-
induced changes in intracellular calcium were prevented by the
TRPA1 blocker HC030031 (50 mM), and by removal of
extracellular calcium (Fig. 1F; ANOVA F(3,361) 5 194, P , 0.001
for crotalphine vs HC030031 and without calcium, Tukey post
hoc test; n 5 80-100 cells). The concentration-dependent
crotalphine effects were not species specific and did not differ
significantly between human, mouse, and rat TRPA1 (Fig. 1G).

Electrophilic agonists such as AITC, the compound responsible
for the pungent taste of mustard, radish, horseradish, and wasabi,
activate TRPA1 through covalent modification of cysteine residues
on the N terminal of the channel.15,23 Other binding sites include
transmembrane domain 5 residues required for activation of the
channel by menthol or carvacrol.39 We tested whether crotalphine
activates hTRPA1 through known binding sites for covalent and
noncovalent modification. HEK293t cells were transfected with
hTRPA1 and stimulated with crotalphine (1 mM) or the TRPA1
agonist carvacrol (100 mM). The mutation in transmembrane
domain 5 (ST) did not alter crotalphine’s effect compared withWT.
However, mutations of the cysteine residues in the hTRPA1-3C
mutant almost abolished crotalphine’s effect (Fig. 1H; ANOVA
F(2,262) 5 97.7, P , 0.001 for WT vs 3C mutant, Tukey post hoc
test; n5 80-105 cells). Together, these data show that crotalphine
activates and sensitizes TRPA1, and they further suggest that
these effects occur through covalent modification of specific
cysteine residues in the N terminal of the channel.

3.2. TRPA1 activation by crotalphine is followed by
desensitization of both recombinant and native receptors

The pharmacological desensitization of receptors is a fundamen-
tal mechanism for negative feedback leading to downregulation
of signal transduction. The TRPA1 channel plays a key role in the
processing of noxious stimuli and can undergo functional
desensitization in sensory neurons by homologous and heterol-
ogous agonists through calcium-independent and calcium-
dependent pathways, respectively.1 Thus, we investigated
whether crotalphine desensitizes TRPA1. A long-lasting (10
minutes) application of crotalphine led to a transient increase of
the calcium level in hTRPA1-expressing HEK293t cells, as
observed previously, but after a washout period of 5 minutes
a subsequent application of crotalphine induced a much smaller
calcium influx (Fig. 2A; ANOVA F(1,272) 5 199, P5 0.043 for first
vs second crotalphine 0.01mMapplication, and P, 0.001 for the
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other first vs second applications, Tukey post hoc test; n5 24-89
cells). TRPA1 desensitization was most effective at maximal and
supramaximal crotalphine concentration (1 and 10 mM), but still
significant at 0.01 mM. Long application of low crotalphine
concentration (0.01 mM) was also sufficient to desensitize
hTRPA1 to subsequent short (30 seconds) applications of the
much higher concentrations 1 and 10 mM (Fig. 2B; ANOVA
F(3,321)5 42.1,P, 0.001 for second applications of crotalphine 1
and 10 mM, comparing preexposure of crotalphine 0.01 mM vs
external solution, Tukey post hoc test; n5 60-80 cells). Repetitive
short applications of crotalphine (3 times 30 seconds; 1 mM) also
caused massive desensitization (tachyphylaxis) that could be

prevented by removal of calcium from the extracellular solution
(Fig. 2C). When coapplied with AITC (50 mM), crotalphine only
partially attenuated the AITC response in hTRPA1-tranfected
HEK293t cells, but induced significant desensitization to a second
application of AITC that was much more pronounced than the
homologous desensitization upon repeated AITC alone (Fig. 2D;
ANOVA F(1,322)5 118,P, 0.001 for all first or second crotalphine
applications vs AITC alone, Tukey post hoc test; n5 24-53 cells).

We next evaluated whether activating and desensitizing effects
of crotalphine also occur in native TRPA1 channels in mouse DRG
neurons. A short (60 seconds) application of crotalphine increased
the calcium signal in 20% to 30% of the AITC-responsive DRG

Figure 1. Crotalphine activates and sensitizes TRPA1 through covalent modification of specific cysteine residues in the N terminal of the channel. (A) Average
ratiometric calcium responses (to 340 vs 380 nmwavelength excitation) represented as area under the curve (AUC) from hTRPV1-, hTRPV2-, hTRPV4-,mTRPC5-
, hTRPM8- and hTRPA1-expressing human embryonic kidney 293t cells with capsaicin (50 nM), probenecid (100mM), 210mOsmextracellular solution, carbachol
(100 mM), menthol (100 mM) and carvacrol (100 mM), respectively, or crotalphine (1 mM). Note significant activation of hTRPA1 by crotalphine (***P, 0.001; n5
85-176 cells); (B-C) FLIPRTetra recordings of hTRPA1-expressing COS1 cells stimulated with allyl-isothiocyanate (AITC) (100 mM) in the absence (control) or
presence of crotalphine (0.64 and 16 nM, 0.4 and 10 mM). Crotalphine potentiated the response of hTRPA1 to AITC (*P 5 0.049; n 5 3), and shifted the AITC
concentration–response curve leftward (P, 0.001, IC50 crotalphine vs control; n5 3). (D) Representative fluorescence ratios and concentration–response curve
of crotalphine on hTRPA1. (E) Time-dependent responses of crotalphine (1 mM) applied for 10, 20, 30, 60 and 120 seconds. (F) Activating effects of crotalphine
(1 mM) on hTRPA by coapplication with the TRPA1 antagonist HC030031 (50 mM) and in the absence of extracellular calcium (calcium free) (###P , 0.001,
crotalphine vs control, and ***P, 0.001, crotalphine vs HC030031 and without calcium; n5 80-100 cells). (G) Crotalphine (1 mM) activates similarly the human,
mouse and rat TRPA1 ion channels. (H) Effect of TRPA1 channel mutations (ST and 3C) on crotalphine (1 mM)-evoked calcium responses. Note significant
reduction of crotalphine’s effect on TRPA1 displaying the 3C mutation (***P, 0.001; n 5 80-105 cells). P values based on unpaired Student t test (B) or 1-way
analysis of variance with Tukey post hoc test (A, C, F, and H). Error bars represent mean 6 SEM.
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Figure 2. TRPA1 activation by crotalphine is followed by desensitization of recombinant and native receptors. (A, B) Fluorescence ratios and the respective area
under the curve (AUC) of hTRPA-expressing human embryonic kidney 293t (HEK293t) cells stimulated with repetitive long (1; 10 minutes) followed by short (2; 30
seconds) application of crotalphine (0.01-10mM). (C) Effect of repetitive short (1-3; 30 seconds) application of crotalphine (1mM) in the presence or absence (1; red
head arrow) of extracellular calcium. The percentage of remaining response after the second (2/1) and third (3/2) application of crotalphine is shown in the right
panel. Note significant homologous desensitization of TRPA1 by crotalphine. (D) Heterologous desensitization of hTRPA1-expressing HEK293t cells stimulated by
allyl-isothiocyanate (AITC) (50 mM) in the absence (control) and presence of crotalphine (0.01-10 mM). (E) Percentage of AITC-positive dorsal root ganglia (DRG)
neurons responding to crotalphine 0.01 (19%), 1 (33%) and 10 mM (22%). (F) Heterologous desensitization of AITC-responsive DRG neurons in the absence
(control) and presence of crotalphine; 1, extracellular solution (control) or crotalphine (0.01-10 mM) applied for 60 seconds immediately before AITC. (G) AUC from
ratios shown in (F). (H) Effects of AITC and crotalphinewas lost in TRPA1-deficient DRG neurons. Capsaicin (50 nM)was applied as reference stimulus. *P5 0.043,
**, *** P , 0.01 and 0.001, respectively, 2-way analysis of variance with Tukey post hoc test; n 5 24 to 89 cells. Error bars represent mean 6 SEM.
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neurons, independent of the concentration of crotalphine (Fig. 2E).
Immediately after a short-lasting 60-s (Fig. 2F, a) application of
crotalphine (Fig. 2F), the peptidewas coappliedwith AITC (50mM),
which revealed a significant desensitization of the AITC response
by approximately 70% (Fig. 2F, G). Crotalphine-induced de-
sensitization outlasted a 10-minute washout period and still
reduced the subsequent AITC responses (Fig. 2F, G; ANOVA
F(3,841) 5 13.7, P , 0.001 for all first coapplications of AITC/
crotalphine vs AITC alone, and P, 0.01 for second AITC alone vs
crotalphine 1 mM pretreated cells, Tukey post hoc test; n5 55-83
cells). The effects of crotalphine and AITC were absent in DRG
neurons isolated from TRPA1-deficient mice (Fig. 2H). Taken
together, these results demonstrate that crotalphine-induced
activation of TRPA1 is followed by a strong and sustained
desensitization of the channel, even at very low concentration of
the peptide and short-lasting application.

3.3. Crotalphine suppressed AITC-evoked and carvacrol-
evoked currents in hTRPA1-expressing HEK293t cells

The effects of crotalphine were further examined using whole-cell
patch-clamp electrophysiology. Initially, we tested if crotalphine
would be able to induce inward currents in hTRPA1-expressing
HEK293t cells. In the presence of extracellular calcium (1.25 mM),
crotalphine (1mM) induced only small inward currents (Fig. 3A, n5
4 cells). The current–voltage relationships at times indicated in
Figure 3A show TRPA1 currents with little outward rectification and
a reversal potential at 0 mV (Fig. 3B). The inward currents activated
by 2 subsequent applications of crotalphinewere 0.46 0.1 and 0.7
6 0.2 nA, respectively, in contrast to the large inward currents
observed with carvacrol (6.46 2.2 nA, n5 4 cells; Fig. 3C). A low
concentration of crotalphine (0.01mM)applied first produced higher
peak currents than a higher subsequent concentration 10 mM (Fig.
3D). Notably, in the absence of extracellular calcium, crotalphine
caused a proportional increase of the peak current with increase of
the concentration, and greater current peaks than that observed
with calcium (Fig. 3D; ANOVA F(1,49) 5 12.8, P , 0.001 for
crotalphine 1mM, andP5 0.048 for crotalphine 10mM, comparing
with vs without calcium, respectively, Tukey post hoc test; n5 8-11
cells). However, the peak currents evoked by crotalphine were still
small in comparison with carvacrol, confirming the activity of
crotalphine as a partial TRPA1 agonist.

Subsequently, we investigated the effects of crotalphine on the
agonist-induced TRPA1 currents, first with carvacrol (Fig. 3E, F),
a nonelectrophile that activates TRPA1 in a noncovalent, re-
versible manner,40 and second with AITC (Fig. 3G–I), an
electrophilic compound that activates TRPA1 by covalent
modification of cysteine residues.15,23 Crotalphine was applied
for 30 seconds before carvacrol (100 mM, 15 seconds), and
significantly reduced the carvacrol-induced current density
recorded at a holding potential of 260 mV in hTRPA1-
expressing HEK293t cells (Fig. 3E; P5 0.048, unpaired Student
t test; n 5 4-7 cells). Confirming the results observed in the
calcium imaging experiments, in the absence of extracellular
calcium crotalphine lost its desensitizing effect (Fig. 3F). Similar
results were observed with AITC, in which 30-second application
of crotalphine before AITC (50 mM, 10 seconds) significantly
reduced the AITC current density (Fig. 3G; ANOVA F(3,16)5 10.8,
P 5 0.042 for crotalphine 0.01 mM, P 5 0.044 for crotalphine
1 mM, and P, 0.001 for crotalphine 10 mM vs AITC alone, Tukey
post hoc test; n 5 5 cells). When applied intracellularly,
crotalphine produced similarly small currents as observed with
its extracellular application. However, the desensitization of the
AITC current density was greater than observed with the peptide

applied extracellularly (Fig. 3H, P , 0.001, unpaired Student
t test, n5 4-8 cells). Similar to what was observed with carvacrol,
crotalphine applied extracellularly in the absence of calcium was
not able to alter the AITC current density (Fig. 3I).

To evaluate the effects of crotalphine coapplied with AITC,
current–voltage (I-V) curves were performed in hTRPA1-
expressing HEK293t cells. The I-V relationship and macroscopic
currents show amassive reduction of the AITC (20 mM)-activated
currents in the presence of crotalphine (1 mM; Fig. 3J, K). The
tail currents following the offset of the voltage steps signify the
delayed voltage-dependent deactivation of TRPA1. AITC in-
creased these tail currents, and the additional presence of
crotalphine decreased but did not abolish them (Fig. 3L; ANOVA
F(2,42)5 10, P5 0.033 for AITC/crotalphine vs AITC alone, Tukey
post hoc test; n 5 8 cells). Together, these results indicate that
crotalphine only partially activates TRPA1, but can strongly
desensitize the channel to both, electrophilic and nonelectrophilic
TRPA1 agonists.

3.4. Crotalphine inhibits the AITC-induced CGRP release

The activation of peptidergic sensory nerve fiber ends leads to
neuropeptide release. Peripheral CGRP release is a biomarker
for neurogenic inflammation. To test whether crotalphine alters
the release of CGRP, we chose an isolated trachea preparation
for its particular sensitivity and lack of diffusion barrier. The
tracheal epithelium is densely innervated by mainly vagal
sensory fibers that release CGRP in response to multiple
stimuli including AITC, the electrophilic activator of TRPA1 ion
channels.18 Incubation (5 minutes) of tracheal halves with AITC
(100 mM) resulted in CGRP release (28.6 6 3 pg/mL; Fig. 4).
Pretreatment with crotalphine at 1 and 10 mM by itself did not
change CGRP release. However, if AITC was added in
presence of 1 and 10 mM crotalphine, the AITC-induced CGRP
release was significantly reduced to 17 6 3 pg/mL and 17 6 4
pg/mL, respectively (Fig. 4; ANOVA F(2,21) 5 4.5, P5 0.042 for
crotalphine 1 and 10 mM vs control, Tukey post hoc test). These
results indicate that crotalphine acts on peptidergic TRPA1-
expressing nerve endings in a desensitizing way.

3.5. The analgesic effect of crotalphine requires TRPA1
ion channels

Crotalphine is a potent analgesic peptide with oral bioavailabil-
ity.19 Here we evaluate the relevance of TRPA1 ion channels for
the in vivo analgesic effect of crotalphine using behavioral models
in WT and knockout (KO) mice: the ciguatoxin-induced cold
hypersensitivity, and the bradykinin-induced and zymosan-
induced mechanical hypersensitivity.

Ciguatoxin-induced cold hypersensitivity is mediated to a large
extent by sensitization of peptidergic C fibers that express TRPA1
ion channels.36 The ciguatoxin-induced cold hypersensitivity was
quantified as the number of paw flinches evoked by placing mice
on a 15˚C cold plate. The increased number of flinches quantified
1 hour after ciguatoxin injection (123 6 15 flinches/5 min)
declined over 7 hours of repeated assessments (7 hours: 346 9
flinches/5 min). Crotalphine (100 mg/kg, orally) given 10 to 15
minutes before intraplantar ciguatoxin significantly reduced the
number of paw flinches by 35% to 55% (Fig. 5A; ANOVA F(1,154)5
94.3, P , 0.001 for crotalphine at 1-2 hours, and P , 0.01 for
crotalphine at 3 to 6 hours vs control, Tukey post hoc test; n5 12
mice). No systemic effects including diarrhea, ataxia, altered gait,
or motor paralysis were apparent in any mice. In addition, no
sustained hind paw inflammation, swelling, or ulceration of the
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Figure 3. Crotalphine suppressed AITC-evoked and carvacrol-evoked currents in hTRPA1-expressing HEK293t cells. Whole-cell voltage clamp recordings
performed in hTRPA1-expressing human embryonic kidney 293t cells. Crotalphine (crot), carvacrol (carv), and allyl-isothiocyanate (AITC) were applied in the
extracellular solution, except in (H), in which crotalphine was applied in the pipette solution. (A) Time-course of the whole-cell current response to crotalphine
(1 mM) and carvacrol (100 mM). The dashed line indicates zero current. Symbols plot the average currents at280 and180 mV (n5 3 cells); (B) Current–voltage
curves from sweeps in (A). (C) Respective peak currents shown in (A). (D) Average hTRPA1 peak currents elicited by crotalphine in the presence (1.25 mM) and
absence of extracellular calcium (calcium free). Note significant increase in peak current with crotalphine 1 and 10 mM applied in the absence of calcium (*P 5
0.048 and ***P, 0.001; n5 8-11 cells). (E-I) Average hTRPA1 inward current densities (pA/pF) elicited by carvacrol (E, F) or AITC (G-I) applied 30 seconds after
crotalphine (0.01-10 mM) in the presence (E, G, H) or absence (F, I) of extracellular calcium. Crotalphine extracellular significantly decreased the TRPA1
inward current densities elicited by both agonists, carvacrol (E, *P5 0.048; n5 4-7 cells) and AITC (G, *P5 0.042 and 0.044 for crot 0.01 and 1 mM, respectively,
and ***P, 0.001 for crot 10mM; n5 5 cells). Similar effect was observed with crotalphine (1mM) intracellular (H, ***P, 0.001; n5 4-8 cells). (J, K) Representative
voltage-gated whole-cell currents mediated by hTRPA1 in response to 400-millisecond voltage steps ranging from 2120 to 1160 mV during application of
extracellular solution, AITC (20 mM) and AITC coapplied with crotalphine (1 mM). (L) Significant changes in tail currents caused by coapplication of AITC (20 mM)
with crotalphine (1 mM; *P 5 0.033, AITC vs AITC/crot and ###P , 0.001, ext. sol. vs AITC, n 5 8). P values based on unpaired Student t test (E, H) or 1-way
analysis of variance with Tukey post hoc test (D, F, G, I, and L). Error bars represent mean 6 SEM.
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ciguatoxin-injected paw was visible. Injection of equal volumes of
Ringer solution did not elicit any nocifensive behavior, as
previously described.36 In TRPA1-deficient mice, ciguatoxin-
induced cold hypersensitivity was dramatically reduced. The
retained flinching response (about 26% of the WT average) was
not changed by crotalphine (Fig. 5B; ANOVA F(1,70) 5 0.46, P 5
0.5, n 5 6 mice), suggesting that crotalphine does not interfere
with another mechanism contributing to ciguatoxin-induced cold
hypersensitivity in mice, except that involving the TRPA1.

We next investigated the effect of crotalphine on
bradykinin-induced mechanical hypersensitivity. Bradykinin
is an inflammatory mediator that not only activates sensory
afferents, but also sensitizes their responses to other
chemical, thermal, and mechanical, thus playing an important
role in nociceptor sensitization and primary hyperalgesia.38 In
addition to its direct interaction with G-protein-coupled
receptors (B1 and B2), bradykinin also sensitizes TRPA1
channels.3 The bradykinin-induced mechanical hypersensi-
tivity was quantified using the electronic Dynamic Plantar
Aesthesiometer (electronic von Frey), which provides with-
drawal thresholds in the force range of cutaneous nociceptor
thresholds, in contrast to conventional von Frey testing that
assesses hypersensitivity driven by low-threshold mechano-
sensitive A fibers (0.6-0.8 g). Intraplantar injection of brady-
kinin robustly reduced the paw withdrawal threshold at 1
(41%), 3 (39%), and 5 (24%) hours after injection. Crotalphine
(100 mg/kg, orally) given 10 to 15 minutes before bradykinin
significantly inhibited the bradykinin-induced mechanical
hypersensitivity at 1 and 3 hours (Fig. 5C; ANOVA F(1,70) 5
13.2, P 5 0.007 and P 5 0.047 for crotalphine vs control at 1
and 3 hours, respectively, Tukey post hoc test; n5 8 mice). In
TRPA1-deficient mice, the mechanical hypersensitivity in-
duced by bradykinin was not significantly altered, but the
antinociceptive effect of crotalphine was completely absent
(Fig. 5D, ANOVA F(1,50) 5 1.1, P5 0.30; n5 6 mice). To note,
in the ciguatoxin and bradykinin experiments, crotalphine was
applied before the inflammatory mediator and the baseline

(dynamic) von Frey threshold was determined before the ciguatoxin
and bradykinin hypersensitivity could develop; this value was the
same with and without crotalphine (unpublished data).

Crotalphine was finally tested in an inflammatory model, the
zymosan-inducedmechanical hypersensitivity. Zymosan is a struc-
tural polysaccharide of the yeast cell wall. When injected intra-
plantar in rodents, it produces long-lasting nociception
characterized by a dose-dependent and time-dependent me-
chanical hypersensitivity.24 Toassess the effects of crotalphine, the
peptide was administered 2 hours after zymosan by oral (Fig. 5E)
or intravenous route (Fig. 5F). The paw withdrawal threshold was
quantified immediately before (0), 3 and 6 hours after zymosan
injection. Similarly effective, both orally and intravenously admin-
istered crotalphine produced a dose-dependent inhibition of the
zymosan-induced mechanical hypersensitivity at 3 and 6 hours
after zymosan injection (Fig. 5E; ANOVA F(6,149) 5 13.5, n 5 8
mice; Fig. 5F; ANOVA F(6,105) 5 8.2, n 5 6 mice). A systemic
pretreatment with the TRPA1 antagonist HC030031 (100 mg/kg,
intraperitoneal) did not reduce the mechanical hypersensitivity, but
given 30 minutes before crotalphine completely prevented
crotalphine’s antinociceptive effect (Fig. 5G; ANOVA F(3,63) 5
27.1, P, 0.001 for crotalphine vs control at 3 and 6 hours, Tukey
post hoc test, n5 5 to 8 mice). In addition, crotalphine showed no
antinociceptive effect in TRPA1-deficient mice injected with
zymosan; notably, the mechanical hypersensitivity developed in
KOs just like inWTs (Fig. 5H; F(1,42)5 1.06, P5 0.31; n5 8mice).
Taken together, these results demonstrate that TRPA1 is required
for the in vivo antihyperalgesic effects of crotalphine.

3.6. Crotalphine does not affect other ion channels important
to pain perception

SH-SY5Y cells constitutively express N-type (Cav2.2) as well as L-
type (Cav1.3) voltage-gated calcium channels and a7 nAChR and
a3b2/b4 nAChR.32 These cells were loaded with Fluo-4 AM dye
and incubated for 5 minutes with crotalphine (10 mM). Sub-
sequently, potential inhibitory effects of crotalphine were evaluated
on agonist-evoked calcium responses (Supplementary Fig. 1A-D,
available online at http://links.lww.com/PAIN/A316). Crotalphine
did not inhibit any of these target channels and it also had no effect
on the 2 major voltage-gated sodium channel subtypes in
nociceptive primary afferents, Nav1.7 (expressed in SH-SY5Y
cells) andNav1.8 (expressed inCHOcells) (Supplementary Fig. 1E-
F, available online at http://links.lww.com/PAIN/A316). In this
assay, agonist-evoked responses were monitored using the
fluorescent membrane potential dye Red (Molecular Devices).

To further confirm these findings, we tested the effect of
crotalphine on latency and amplitude of electrically evoked
C-fiber and A-fiber CAP in isolated mouse saphenous nerves.
Crotalphine was applied at increasing concentrations of 0.1, 1,
and 10 mM for at least 20 minutes concomitantly to ongoing
repetitive stimulation (Supplementary Fig. 2A, B, available online
at http://links.lww.com/PAIN/A316). But even long-term expo-
sure (45 minutes) to 10 mM crotalphine–much beyond the
minimal analgesic dose of intraplantar injected crotalphi-
ne19—had no effect. These findings suggest that the analgesic
effect of crotalphine is not related to any local anesthetic-like
effect or inhibition of action potential propagation.

4. Discussion

In the present study, we showed that crotalphine, an analgesic
peptide first isolated from the venom of the South American
rattlesnake,Crotalus durissus terrificus, activates and desensitizes

Figure 4. Crotalphine inhibits the AITC-induced calcitonin gene-related
peptide (CGRP) release from isolated trachea of C57BL/6 mice. Allyl-
isothiocyanate (AITC) (100 mM) was applied to the trachea for 5 minutes and
the resultant CGRP release was quantified by enzyme immunoassay.
Crotalphine (1 and 10 mM) was also applied to tracheal tissue alone (did not
affect CGRP basal release) or coapplied with AITC, causing 41% inhibition of
the AITC-induced CGRP release (*P 5 0.042; n 5 8 tracheal halves). P value
based on 1-way analysis of variance with Tukey post hoc test. Error bars
represent mean 6 SEM.

2512 E. Bressan et al.·157 (2016) 2504–2516 PAIN®

Copyright � 2016 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/PAIN/A316
http://links.lww.com/PAIN/A316
http://links.lww.com/PAIN/A316


TRPA1 at nanomolar concentrations, and that this mechanism of
action is essential for its in vivo antihyperalgesic effects.

Crotalphine activated TRPA1 channels in heterologously
expressing HEK293t cells as well as in DRG neurons in
a concentration-dependent and time-dependent manner. In-
creasing concentrations of crotalphine (1 pM—10mM) applied for

30 seconds caused marked increases of intracellular calcium
levels. Increasing the duration of crotalphine application from 10
to 120 seconds resulted in tumescent calcium responses. A 120-
second application induced a decline of the calcium response
before the end of the application, indicating desensitization of the
TRPA1 channel following longer application of crotalphine.

Figure 5. The analgesic effect of crotalphine requires TRPA1 ion channels. Effect of crotalphine on cold andmechanical hypersensitivity induced by intraplantar (A,
B) ciguatoxin, (C, D) bradykinin, and (E-H) zymosan. Crotalphine (0.2-100mg/kg) was given 10 to 15minutes before ciguatoxin (0.13 ng/paw) and bradykinin (3mg/
paw), and 2 hours after zymosan (25 mg/paw) orally (A-E, G-H) or intravenously (F). Doses of crotalphine are shown in microgram per kilogram. (B, D, and H)
Absence of crotalphine’s antihyperalgesic effect in TRPA1-deficient mice (TRPA12/2). (G) HC030031 (100 mg/kg, intraperitoneal) given 30 minutes before
crotalphine (100 mg/kg, orally) prevented its antinociceptive effect. *, **, *** P , 0.05, 0.01 and 0.001, respectively, and ###P , 0.001 for comparisons with
0 hours; n 5 6 to 12 mice. P value based on 1-way analysis of variance with Tukey post hoc test. Error bars represent mean 6 SEM. NS, not significant.
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Crotalphine selectively and partially activated TRPA1. None of
the nAChRs and voltage-sensitive calcium and sodium channels
tested in the present study was activated by crotalphine. In
addition, other channels of the TRP family including the capsaicin
(TRPV1) and menthol (TRPM8) receptors were insensitive to
crotalphine. When tested on mouse and rat TRPA1, crotalphine
activated these channels dose dependently and similarly to
human TRPA1.

The activation of the human TRPA1 ion channels by
crotalphine was almost completely abolished by mutation of the
cysteine residues (C621, C641, and C665), which are the targets
of most electrophilic TRPA1 agonists. In addition, also the slow
rate of activation by crotalphine resembles that of electrophilic
agonists, which is in contrast to the faster nonelectrophilic
agonists. Exchange of these residues dramatically reduces the
sensitivity to electrophilic compounds.15,23 However, mutation of
the serine/threonine (S873/T874) residues in transmembrane
domain 5 of TRPA1 did not interfere with crotalphine’s effect.
These findings indicate that the binding site of crotalphine
overlaps with those of electrophilic agonists, which activate
TRPA1 through covalent modification of the cysteine residues.
Crotalphine itself contains 2 cysteines forming a disulfide bond
that could break open, perform a disulfide exchange with and
build a bridge to one of the critical TRPA1 cysteines.19 Disulfide
formation has been shown to be an effective mechanism of
TRPA1 activation.10

The concentration–response curve of crotalphine on hTRPA1
provided an EC50 of 46 nM, suggesting that crotalphine may
constitute a potent agonist of TRPA1. To the best of our
knowledge, crotalphine may be the first and yet only snake
venom-derived peptide reported to activate TRPA1. However, in
the effective range of concentrations crotalphine did not produce
large TRPA1 currents, like carvacrol did, indicating that it may not
fully activate the channel. Previous in vivo studies showed that
nanomolar doses (ie, 7.8 nmol; intraplantar) of crotalphine do not
produce any pain-related behavior, but prominent analgesia.19

Together, these results suggest that crotalphine could de-
sensitize TRPA1 without causing major activation of the channel.

TRPA1 plays a key role in the transduction of multiple noxious
stimuli and can undergo functional desensitization by homolo-
gous and heterologous agonists in sensory neurons.1 The small
activation of TRPA1 by crotalphine was followed by a strong and
calcium-dependent desensitization of the channel. Desensitiza-
tion by crotalphine prevented the subsequent activation by itself
as well as the activation by electrophilic agonists such as AITC
and also reduced activation by nonelectrophiles such as
carvacrol. These effects could be observed on native TRPA1
present in culturedmouseDRGneurons. Removal of extracellular
calcium prevented the homologous desensitization of TRPA1 by
crotalphine, showing that calcium is an important cofactor not
only for the activation of TRPA1 but also for the desensitization of
the channel. The desensitization of TRPA1was also confirmed by
patch-clamp studies. Crotalphine applied intracellularly or
extracellularly caused a significant and dose-dependent inhibition
of both, carvacrol-evoked and AITC-evoked currents in HEK293t
cells expressing hTRPA1. This effect was completely abolished in
the absence of extracellular calcium, which again supports
a calcium-dependent desensitization of the hTRPA1 by
crotalphine.

The effect of crotalphine on TRPA1 is extremely relevant for
its in vivo analgesic effects. Our findings show that a single oral
dose of crotalphine given to mice resulted in significant
antihyperalgesic effects in 2 behavioral models in which pain
is mediated by activation of TRPA1-expressing peptidergic C

fibers (ciguatoxin and bradykinin), but also in the zymosan
model in which TRPA1was not primarily involved (see below). In
this model of inflammatory pain, crotalphine-mediated analge-
sia was abolished by the TRPA1 blocker HC030031; in
addition, in TRPA1-deficient mice crotalphine had completely
lost its analgesic effect. These findings provide solid evidence
that TRPA1 is required for the analgesic effect of crotalphine. In
fact, crotalphine targets peptidergic TRPA1-expressing nerve
endings to significantly inhibit AITC-induced CGRP release
from the trachea, which is densely innervated by TRPA1-
expressing vagal sensory fibers.18

Previous studies have shown that kappa-opioid and CB2
receptors as well as dynorphin A release in peripheral tissues play
a role for the analgesic effect of crotalphine.19,22 However, there
is no evidence that crotalphine is an opioid agonist, because initial
results indicated that crotalphine does not displace [3H] naloxone
from opioid receptors in rat brain membrane homogenates.19 In
addition to these data, the evidence, that dynorphin A released
from paw skin tissue contributes to antinociceptive effect of
crotalphine,22 supports an indirect effect of the peptide on kappa-
opioid receptors and suggests that this receptor becomes
involved somewhere downstream of crotalphine’s direct action
on TRPA1. We speculate that the activation of TRPA1 by
crotalphine may cause enough increase in intracellular calcium to
trigger the translocation of opioid receptors to the nerve cell
membrane, thus increasing the binding capacity for endogenous
opioids (from keratinocytes and immune cells) and contributing to
crotalphine’s analgesic effect. Stimulus-dependent trafficking of
opioid receptors to the plasma membrane has previously been
demonstrated in vasopressin magnocellular neurosecretory
neurons.33 Kappa agonists inhibit CGRP release from peripheral
nociceptors,2 as crotalphine did. The involvement of CB2
receptors in the crotalphine effects may share the final path of
enhanced surface expression of opioid receptors. CB2 receptors
are expressed on keratinocytes as well as on leukocytes and
contribute to the secretion of endogenous opioids, which may
become more effective finding more opioid receptors to
activate.16

The prominent antinociceptive effect of crotalphine in the
bradykinin and zymosan models of inflammatory mechanical
hypersensitivity extends the coverage of our findings. In both
behavioral models, the hypersensitivity was independent of
TRPA1, unchanged in KOs, in case of zymosan even unchanged
by the effective TRPA1 blocker (HC030031). Nonetheless, in
both models, the antihyperalgesic crotalphine effect was absent
in KOs and, in case of zymosan, even abolished by HC030031.
TRPA1 has recently been attributed a “subsidiary role” in
neuronal mechanosensing, which was demonstrated in DRG
neurons by recording mechanically evoked inward currents,
subtypes of which were absent in TRPA1 KO and blocked by
HC030031.5,37 However, this does not resolve the above
paradox, because the inflammatory hypersensitivity in vivo did
not involve TRPA1 in the first place. Our findings suggest that
crotalphine not only desensitized TRPA1 but, the nociceptive
neuron in general, including its contribution to mechanical
hypersensitivity. Similarly, capsaicin and the ultrapotent TRPV1
agonist resiniferatoxin have long been known to induce
a sustained polymodal nociceptor desensitization, which is
now even used in clinical trials (NCT 00804154, NCT 02522611).
In contrast to the TRPV1 agonistic desensitizers, crotalphine
even at high local doses does not evoke any pain-related
behaviors, likely because it acts as a functional partial agonist of
TRPA1 and by rapidly inducing channel desensitization. In
addition, in previous Randall-Selitto tests on the hind paw of
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naive rats, crotalphine induced an increased withdrawal
threshold, indicating a direct antinociceptive effect which,
however, was much weaker and shorter lasting than its
antihyperalgesic effect in case of inflammation (Picolo G, PhD
and Cury Y, PhD; Feb 2006, unpublished data).

In conclusion, the present study shows that crotalphine
dramatically desensitizes TRPA1 without fully activating the
channel and that this mechanism is essential for its analgesic
effect. This work represents a breakthrough in understanding the
analgesic mechanism of crotalphine and emphasizes the
therapeutic potential of targeting TRPA1. Crotalphine is the first
orally bioavailable peptide to selectively mediate analgesia at
subnanomolar concentrations by targeting and desensitizing the
TRPA1 channel.
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Amplified Cold Transduction in Native Nociceptors by
M-Channel Inhibition
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Topically applied camphor elicits a sensation of cool, but nothing is known about how it affects cold temperature sensing. We found that camphor
sensitizesasubpopulationofmenthol-sensitivenativecutaneousnociceptors inthemousetocold,butdesensitizesandpartiallyblocksheterologously
expressedTRPM8(transient receptorpotential cationchannel subfamilyMmember8). In contrast, camphor reducespotassiumoutwardcurrents in
cultured sensory neurons and, in cold nociceptors, the cold-sensitizing effects of camphor and menthol are additive. Using a membrane potential
dye-basedscreeningassayandheterologouslyexpressedpotassiumchannels,wefoundthattheeffectsofcamphoraremediatedbyinhibitionofKv7.2/3
channelssubtypesthatgeneratetheM-currentinneurons.Inlinewiththisfinding,thespecificM-currentblockerXE991reproducedthecold-sensitizing
effect of camphor in nociceptors. However, theM-channel blocking effects of XE991 and camphor are not sufficient to initiate cold transduction but
require a cold-activated inward current generated by TRPM8. The cold-sensitizing effects of XE991 and camphor are largest in high-threshold cold
nociceptors.Low-thresholdcornealcoldthermoreceptors thatexpresshighlevelsofTRPM8andlackpotassiumchannelsarenotaffectedbycamphor.
Wealso found thatmenthol—like camphor—potently inhibitsKv7.2/3 channels. The apparent functional synergismarising fromTRPM8activation
andM-currentblockcanimprovetheeffectivenessof topical coolantsandcooling lotions,andmayalsoenhanceTRPM8-mediatedanalgesia.

Introduction
Camphor is a ketone originally isolated from the Cinnamomum
camphora tree with a penetrating characteristic odor and pun-

gently aromatic taste. It has a long-standing medicinal use as an
ingredient in analgesic creams and cooling lotions, and is used for
its scent as flavoring in India and Europe. It belongs to the group
of plant-derived natural compounds, such as capsaicin, menthol,
zingerone, and others, that act on members of the family of ther-
mosensitive transient receptor potential (TRP) channels (Xu et
al., 2006). These receptors are purported to be involved in the
conversion of thermal information into electrical signals
(Clapham and Miller, 2011).

Camphor exerts agonist and desensitizing effects on TRPV1
(TRP subfamily V,member 1) thatmay account for its pungency,
counterirritant, and analgesic effects (Xu et al., 2005). In addi-
tion, camphor is an agonist at the keratinocyte warm sensor
TRPV3, which may mediate sensitization to warming of the skin
(Green, 1990; Moqrich et al., 2005) and is a potent blocker of the
noxious cold and irritant receptor TRPA1 (Xu et al., 2005;
Macpherson et al., 2006; Karashima et al., 2009). Nevertheless,
the scent and taste of camphor impart an after-sense of coolness,
rather similar to that of menthol, and when topically applied to
the skin it produces a feeling of cooling (Green, 1990; Sweetman,
2004). Themechanism of how camphor affects cold temperature
sensing is unknown.

Cold sensing is mediated by specialized thermoreceptive
and nociceptive nerve endings, some of which are equipped
with the menthol receptor TRPM8 (McKemy et al., 2002; Peier
et al., 2002), an essential cold sensor in mice (Bautista et al.,
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2007; Colburn et al., 2007; Dhaka et al., 2007). Low-threshold
cold thermoreceptors are mechanoinsensitive and abundant
in the trigeminal territory (i.e., in the cornea of the eye), where
they feature ongoing impulse activity at resting temperature
(34–35°C) and respond vigorously to small temperature re-
ductions (�0.5°C) as a result of high TRPM8 expression
(Parra et al., 2010). TRPM8 is also present in cutaneous noci-
ceptive and thermoreceptive nerve endings. Mechanoinsensi-
tive skin thermoreceptors share some of the characteristics of
low-threshold corneal thermoreceptors, but display a much
broader range of activation thresholds (37–17°C; Zimmer-
mann et al., 2011), likely reflecting a diverging ion channel
composition and function.

Apart from transducing inward currents, cold-induced clo-
sure of outward potassium channels, like K2P, contributes to
cold-induced depolarization (Reid and Flonta, 2001; Viana et al.,
2002; Noël et al., 2009), because it increasesmembrane resistance
and reduces the effective voltage change required to excite sen-
sory nerve endings (Zimmermann et al., 2007). In addition, KV1
family potassium channels are coexpressed with TRPM8 and
contribute to the setting of the temperature threshold in cultured
trigeminal and somatic neurons (Madrid et al., 2009; Teichert et
al., 2012).

To gain novel insight into cold transduction mechanisms, we
investigated the molecular mechanism of how camphor induces
sensitization to cooling. We used extracellular and patch-clamp
electrophysiology in combination with transgenic mice, calcium
imaging, and a high-throughput FLIPR Tetra-based screening
assay and present the first evidence of an involvement of KV7.2/3
channels, which form the neuronal M-current, in the suprath-
reshold amplification of TRPM8-dependent cold transduction in
cutaneous cold nociceptors.

Materials andMethods
Animals. C57BL/6J mice (16 females and 37 males), TRPV1�/� (5 females
and 8males), TRPM8�/� (16males), heterozygous TRPM8EGFPf/� mice (6
males), and TRPM8�/� age-matched littermates (14 males) weighing be-
tween 18 and 32 g were killed by 100% CO2. Animals were conventionally
genotyped using commercially available primers (Metabion). TRPV1�/�

micewere congenic to andmatchedwithC57BL/6/J andwere a gift fromJ.B.
Davis (GSK, Harlow, UK). The primer sequences were for wt CAT GGC
CAG TGA GAA CAC CAT GG and AGC CTT TTG TTC TTG GCT TCT
CCT; and for the knock-out allele CCG GTG CCC TGA ATG AAC T and
AAG ACC GGC TTC CAT CCG A. TRPM8�/� and TRPM8EGFPf/� were
donatedbyA.Patapoutian andA.Dhaka (TheScrippsResearch Institute, La
Jolla, CA). TRPM8 transgenic mice were from N4F3 (n � 4) and N5F1-F6
(n � 12) generation, and littermates of the N5F1/F5 generation were
matched as a control. The primer sequences were 5�-GGG ATG TCA TAG
TGC TGAAAG for the wild-type allele, and 5�-CCGGGTGCTGCCCAT
AGTACC for the knock-out allele.

Single-fiber recordings. The isolated skin-saphenous nerve preparation
and single-fiber recording technique were used as previously described
(Zimmermann et al., 2009). The skin was kept under laminar superfu-
sion of carbogen-gassed synthetic interstitial fluid (SIF). Receptive fields
of identifiedmechanosensitive C-fibers were characterizedwith von Frey
filaments and with respect to thermal responsiveness (heating and cool-
ing). Therefore, the receptive fields were isolated from the surrounding
fluid with an aluminum or Teflon ring (volume, 300–400 �l), and kept
continuously perfused with camphor, menthol, capsaicin, retigabine,
XE991, or combinations of those at a rate of 10ml/min at 30°C. To apply
prewarmed solutions as well as heat and cold stimuli, we used
custom-made countercurrent temperature exchange application sys-
tem (Zimmermann et al., 2009). Heat ramps were ramp shaped rising
from a bath temperature of 30°C and reached 49 � 1.4°C (mean �
SD) within 20 s (average of �50 individual stimuli). The cold stimuli
lasted 60 s and consisted of two phases, a first dynamic (30–12°C) and
a second static phase (12–10°C), each lasting 30 s. The cooling stim-
ulus was linear during the first 7.5 s where the cooling rate reached a
maximum of 1.5°C/s. The criterion for assigning heat responsiveness
to a fiber was a discharge of at least 2 spikes. The criterion for assign-
ing cold responsiveness to a fiber was adjusted to a discharge of at least
3 spikes due to the longer cold ramp (30 s). The noxious cold thresh-
old was considered as the first spike discharged during cooling.
Chemical sensitization to cold was considered when the magnitude of
the response (number of spikes) and/or the peak discharge increased
by �1.5-fold, in combination with a constant or decreased threshold
temperature. The characteristics and treatments of the 200 recorded
C-fibers are summarized in Tables 1 and 2.
Transfection procedure. Recombinant TRPM8 (rTRPM8; 0.5 �g/�l)

was transiently transfected in HEK293T cells by the calcium phosphate
precipitation method or using Nanofectin (PAA Laboratories). A re-
porter plasmid (CD8-pih3m, 1 �g) was cotransfected to allow identifi-
cation of transfected cells by Immunobeads (anti-CD-8 Dynabeads,
Dynal Biotech). HEK293T cells were maintained in DMEM supple-
mented with penicillin/streptomycin 100 U/ml, HEPES 25 mM, fetal

Table 1. Synopsis of C-fibers: characteristics of fiber populations

Mouse strain Number of mice
Number of
fibers CV (m/s)

von Frey threshold
(mN)

Fiber subtypes

CM CMC CMCH CMH

C57BL/6 13 24 0.38� 0.10 (0.25–0.63) 11.4 (1.4– 64) 5 5 9 5
C57BL/6 and TRPV1�/� 21 38 0.42� 0.14 (0.23–0.90) 32 (4–128) 18 5 6 9
TRPV1�/� 13 28 0.42� 0.13 (0.29–0.95) 16 (1–45.3) 7 5 3 13
TRPM8�/� (N5F1) 13 32 0.50� 0.12 (0.34–0.87) 5.7 (1.4–22.6) 4 7 9 12
TRPM8�/� (N5F1, N4F3) 6 (N5F1) 4 (N4F3) 32 0.48� 0.18 (0.19–1.19) 16 (1.4–128) 6 0 8 18
C57BL/6 7 14 0.52� 0.15 (0.36–0.9) 8 (1–32) 3 6 2 3
TRPM8�/� (N5F6) 6 22 0.46� 0.25 (1.22–0.28) 5.7 (2.8–32) 7 1 7 7
TRPM8�/� (N5F5) 1 2 0.3� 0.1 (0.23–0.37) 9.7 (8–11.4) 0 2 0 0
C57BL/6 7 8 0.3� 0.1 (0.22–0.49) 4 (1–32) 0 8 0 0

Values are given as number, mean � SE (range), or median (range). The table lists number of mice per strain, conduction velocity (CV), von Frey threshold (mN), and mechanosensitive C-fibre subtypes. CM, C-Mechano; CMC,
C-Mechano-Cold; CMCH, C-Mechano-Cold-Heat; CMH, C-Mechano-Heat.

Table 2. Synopsis of C-fibers: treatment with cooling compoundsmenthol and
camphor or M-channel modulators XE991 and retigabine

Compound Mouse strain
All treated
(cold-sensitive)

All
sensitized

Sensitized cold-
sensitive

Sensitized cold-
insensitive

Menthol C57BL/6 24 (14) 8 (33%) 4 (29%) 4 (40%)
Camphor C57BL/6 and

TRPV1�/�
38 (11) 11 (29%) 4 (40%) 7 (25%)

TRPV1�/� 28 (8) 9 (32%) 3 (38%) 6 (30%)
TRPM8�/� 32 (16) 6 (19%) 4 (25%) 2 (13%)
TRPM8�/� 32 (8) 2 (6%) 1 (13%) 1 (4%)

XE991 C57BL/6 14 (10) 7 (47%) 7 (64%) —
TRPM8�/� 22 (8) — — —
TRPM8�/� 2 (2) 2 2 —

Menthol� retigabine/
XE991

C57BL/6 8 (8) 8 8 —

For details see text and materials and methods.
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bovine serum 10% (Invitrogen), and taurine 3 mM (Sigma-Aldrich) at
37°C and 5% CO2. After the transfection procedure, cells were kept in
culture dishes (35 mm) and used for patch-clamp experiments within
2–3 d. Plasmid DNA of recombinant K2P channels (TRESK, TRAAK,
TREK1, and TREK2) and KV7 channels (KV7.2 and KV7.3) were trans-
fected using Nanofectin (PAA Laboratories) or Fugene HD (Roche).
Twenty-four hours after transfection, cells were plated on 96-well
plates, 384-well plates, or glass coverslips as required and used 12�24
h after plating.
DRG culture.Adultmice were killed by CO2 inhalation. DRGs from all

spinal levels were removed and incubated in 0.6 mg/ml collagenase (type
XI, Sigma) and 3 mg/ml protease (Sigma) for 40 min at 37°C in DMEM.
The ganglia were then gently triturated, and neurons were plated onto
borosilicate glass coverslips, which had been treated with poly-D-lysine
(0.1mg/ml for 30min) and cultured (37°C, 5%CO2 in air) in serum-free
TNB-100 basal medium (Biochrom AG), supplemented with penicillin,
streptomycin, and 100 ng/ml nerve growth factor-7S (Alomone Labs).
Recordings were made after �24 h in culture.
Patch-clamp electrophysiology. Whole-cell patch-clamp recordings

were conducted at room temperature (�21°C) with an Axopatch 200B
amplifier and the pClamp 10 software (bothMolecularDevices) installed
on a conventional PC. Patch-clamp pipettes with a final resistance of
1.5–3 M	 were fabricated with borosilicate capillary glass (TW150F-3,
World Precision Instruments). Currents were sampled at 2–5 kHz and
filtered at 1 kHz. Voltage-clamp recordingsweremade onHEK293T cells
and on small and medium-sized DRG neurons from a holding potential
of �60 mV. Current-clamp recordings were made on small- and
medium-sizedDRGneurons fromTRPM8EGFPf/� neurons and nonfluo-
rescent neurons, only including cells with a resting potential negative to
�47 mV. Only one cell per dish (HEK293T cells) or coverslip (DRG
neurons) was used. The standard extracellular solution contained the
following (in mM): NaCl 140, KCl 3, CaCl2 1, MgCl2 1, HEPES 10, and
glucose 20, adjusted to pH 7.4 with NaOH. The pipette solution
for current-clamp experiments contained the following (in mM):
K-Gluconate 135, NaCl 4, MgCl2 3, Na-GTP 0.3, Na2-ATP 2, EGTA 5,
and HEPES 5, adjusted to pH 7.25 with KOH. The internal solution for
recording of K2P channels in HEK cells contained the following (inmM):
KCl 150,MgCl2 3,HEPES 10, and EGTA5, adjusted to pH7.2withKOH.
The thermal stimuli were delivered using a multichannel, gravity-driven
perfusion system incorporating rapid-feedback temperature control and
consisted of heating (to�45°C) and respective cooling (to�15–10°C) of
the test solution were applicable (Dittert et al., 2006).
Recordings of KV7.2, KV7.3, and TRPM8.HEK293T cells were plated

on 3.5 cm dishes 1 d before transfection with Nanofectin (PAA Lab-
oratories) according to the manufacturer’s protocol using 1 �g of
cDNA of human KV7.2 and KV7.3, and human TRPM8 and 0.5 �g of
eGFP. Transfected cells were identified 2 d after transfection by using
an inverted fluorescent microscope (Axiovert 40, Zeiss) combined
with a fiber optic-coupled light source (UVICO, Rapp OptoElec-
tronic). Whole-cell recordings were performed at room temperature
(�21°C) using an Axopatch 700B amplifier in conjunction with a
Digidata 1322A interface and pClamp 10.3 software (all from Molec-
ular Devices/MDS Analytical Technologies). Experiments were
started 3 min after whole-cell access was obtained. Borosilicate glass
electrodes (Biomedical Instruments) were pulled on a DMZ-Universal
Puller (Zeitz) and had a tip resistance in bath solution of 2.8 –4.0M	.
Series resistance compensation was �75%. For brief perfusion (1 s),
menthol was pressure ejected at 1 bar (PDES-02T, npi Electronic)
through a pipette that was positioned in close proximity to the re-
corded cell. For longer perfusion of menthol, we used a gravity-driven
Y-tube application system. The internal solution contained the fol-
lowing (in mM): K-gluconate 135, HEPES 5, MgCl2 3, EGTA 5,
Na2ATP 2, Na3GTP 0.3, and NaCl 4, adjusted to pH of 7.25 with
KOH. External solution was composed of the following (inmM): NaCl
145, KCl 4, MgCl2 2, CaCl2 2, HEPES 10, and D-glucose 10, adjusted to
pH 7.4 with NaOH. Puffer pipettes were filled with external solution

and 50 �M menthol. To determine EC50 values, dose–response data
were fitted to a logistic (Boltzmann) equation of the following form:

A1 � A2

1 � � x

EC50
�p � A2,

where A1 and A2 are the upper and the lower asymptotes, respectively,
EC50 is the half-blocking concentration, and p is a power factor. Data
were analyzed using pClamp 10.3 and Origin Pro9.0G Software (Origin
Lab Corp.).
FLIPR Ca2� and membrane potential blue dye assay. To assess changes

inmembrane potential or intracellular Ca2�using the FLIPRTetra (Mo-
lecular Devices) plate reader, cells were plated at a density of 10,000
cells/well on 384-well black-walled imaging plates (Corning) 24 h before
the assay. Cells were loaded with blue membrane potential dye or Cal-
cium 4 No-wash dye (Molecular Devices) in standard extracellular solu-
tion for 30 min at 37°C and 5%CO2. Changes in membrane potential or
Ca2� responses were measured using a cooled CCD camera (membrane
potential: excitation, 510–545 nm; emission, 515–575 nm; Ca2� re-
sponses: excitation, 470–495 nm; emission, 515–575 nm) for 300 s after
the addition of menthol, XE991, retigabine, or camphor. Raw fluores-
cence data were analyzed using Screenworks 3.1.1.4 (Molecular Devices)
and fitted using GraphPad Prism (version 4.00). The dose–response data
were fitted to a four-parameter Hill equation with variable Hill slope of
the following form:

Y � A2 �
A1 � A2

1 � 10
Log EC50 � X� � Hill slope,

where A1 and A2 represent the maximal and minimal values.
Calcium microfluorimetry. Calcium imaging experiments were per-

formed as previously described (Babes et al., 2010). Dissociated mouse
DRG neurons or HEK293T cells transiently transfected with rTRPM8
were plated on poly-D-lysine-coated glass coverslips and loaded with
Fura-2AM (3 �M) supplemented with 0.02% pluronic acid (both from
Invitrogen) for 30 min at 37°C and 5% CO2 dissolved in extracellular
solution followed by a 15minwashout. Ratiometric calcium imagingwas
performed on anOlympus IX71 inversemicroscope with an 20� or 10�
objective at 35°C (DRGs) and ambient temperature (recombinant
TRPM8). Fura-2AMwas excited at 340 and 380 nmwith a PolychromeV
monochromator (Till Photonics). Images were exposed for 2 ms and
acquired at a rate of 1/s with a 12-bit CCD camera (Imago SensicamQE,
Till Photonics). Data were recorded and further analyzed using TILLvi-
sION 4.0.1.3 software (Till Photonics). To assess Ca2� responses to cold
and chemical stimulation, a software controlled six-channel gravity-
driven common-outlet systemwas used (Dittert et al., 2006). DRGs were
selected for cold sensitivity and were characterized for TRP channel ex-
pression by application of menthol (250 �M). Recombinant TRPM8 was
superfused with 100 �M menthol. Cells were considered responsive to a
stimulus when the ratio increased by at least 20% over baseline. In
HEK293T cells, ionomycin (2 �M) was applied to the cells at the end of
the experiment.
Corneal nerve terminal impulse recordings.Recordings were performed

as previously described (Parra et al., 2010). Animals were killed by expo-
sure to CO2. Eyes were carefully removed and placed in a glass with
physiological saline solution for 30 min at room temperature and bub-
bled with carbogen. The optic nerve and associated tissues were drawn
into a suction tube at the bottom of the recording chamber, and the eye
was continuously perfused (1 ml/min) with carbogen-gassed physiolog-
ical saline solution of the following composition (in mM): NaCl 128, KCl
5, NaH2PO4 1, NaHCO3 26, CaCl2 2.4, MgCl2 1.3, and glucose 10. The
bath temperature was kept constant �34°C using a custom-designed
Peltier device. To record extracellular nerve terminal impulse (NTI) ac-
tivity, a suction glass pipette (tip diameter,�50�m) filled with the same
physiological saline was applied to the surface of the corneal epithelium
and a ground Ag/AgCl pellet was placed inside the recording chamber.
Signals were recorded using an AC amplifier (Neurolog NL104, Digi-
timer Ltd) with the gain set to 2k and the bandpass to 0.1 Hz. Data
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capture was performed with the CED 1401 interface and the Spike2 6.0
software (Cambridge Electronic Design). Cold thermoreceptor endings
were identified by their characteristic ongoing, often regular, low-
frequency impulse activity at 34°C, which increased during cooling and
silenced in response to warming. Ongoing NTI activity at 34°C was re-
corded for at least 1 min before cooling. Basal mean ongoing activity
(impulses per 1 s) was calculated during the 30 s preceding the onset of a
30 s ramp-like temperature drop to 20°C at a rate of 0.65� 0.02°C/s. This
protocol was repeated after exposure to camphor. Cooling thresholds are
temperature values in degreeCelsius atwhichNTI frequency increased to
a value that was the mean NTI frequency, measured during the 10 s
period that preceded the onset of a cooling ramp, plus three times its SD.
Peak frequency values are the maximal impulse per second rate of NTI
frequency during the cooling ramp. The slope ( rate/ temperature;
impulses per second per degree Celsius) is the slope of the line between
the firing frequency at the cooling threshold and the peak frequency per
second value, related to the temperature in degrees Celsius.
Compounds. Camphor, menthol, XE991 [10,10-bis (4-pyridinyl-

methyl)-9(10H)-anthracenone], and capsaicin were purchased from
Sigma. Retigabine was purchased from Alomone Labs. Camphor was
used at a final concentration of 1, 2, or 10mM, diluted from a 2 M stock in
ethanol.Menthol was dissolved in ethanol and kept deep frozen at 10mM

until dissolved in SIF to 50�M, 100�M, 250�M, or 0.5mM.Capsaicinwas
dissolved in ethanol to a concentration of 10 mM and stored deep frozen
until used at a concentration of 1 �M. XE991 was found to be unstable in
frozen stock and in solution. Therefore, stock was prepared fresh from
powder at 10 mM using DMSO before each experiment and kept refrig-
erated. For each recording, a new solution at a final concentration of 10
or 100�Mwas prepared from the refrigerated stock. The same procedure

was followed for retigabine, which was dissolved in DMSO at a concen-
tration of 10 mM and used at a final concentration of 50 �M.
Statistical analysis. Unless otherwise stated, the Wilcoxon matched-

pairs test was used for intraindividual comparisons. Differences were
considered statistically significant at p � 0.05. For analysis, Statistica
version 6 (StatSoft) was used. All data in figures are expressed as the
mean � SEM; in tables, they are expressed as SE.

Results
Camphor boosts cold transduction in cutaneous nerve
endings with functional TRPM8
We attempted to characterize the subpopulations of sensory neu-
rons that are camphor sensitive using the isolated mouse skin-
nerve preparation (Zimmermann et al., 2009). We applied
camphor focally to the receptive field of sensory nerve endings to
record the propagated action potentials in response to cooling.
We found that 2 mM camphor sensitized 25–30% of mechano-
sensitive C-fibers strikingly to cold (Fig. 1); a 2 mM dose is likely
to be a medicinally relevant concentration, because camphor
used in ointments and other topical preparations is present at up
to 11%, which may correspond to several hundred millimolar
camphor intracutaneously (Xu et al., 2005). Because camphor
was previously identified as a TRPV1 agonist (Xu et al., 2005), we
included recordings from TRPV1-deficient animals (Davis et al.,
2000). We found similar cold-sensitizing effects in both geno-
types (Fig. 1C–F); the cold sensitization of camphor became
manifest in a several-fold increase in cold-activated action poten-

Figure 1. Camphor boosts cold transduction in a subpopulation of nociceptors. A, Original recording from a cold nociceptor showing instantaneous discharge rates in response to camphor
application and cooling from30°C to 10°C. Camphor 2mM superfused 5min after a control cold stimulus sensitizes amenthol- and capsaicin-sensitive fiber to cooling. Interstimulus interval anddrug
wash-in was 5 min. Lower trace, Time course of cold stimulus and temperature thresholds of activation. Note the shift in activation threshold induced by camphor. Inset, Average spike shape.
Calibration: 0.5ms, 200�V.B, Four-waydistributiondescribing thepercentageofmechanosensitiveC-fibers of each subclass sensitized to coldby camphor (CM, temperature-insensitivenociceptor,
n� 12/26; CMC, cold nociceptor, n� 6/10); CMCH, multimodal nociceptor, n� 1/9; CMH, polymodal nociceptor, n� 1/21); all, n� 20/66). C–E, Quantification of the sensitization of camphor
to cold: increase in response magnitude counted as action potentials (APs) per 60 s of cold stimulus (white bars: wild type, 7.6� 4.5–41.8� 11.6, p� 0.004; striped bars: TRPV1�/�, 5.9�
3.1–48.3 � 13.2; p � 0.008, Wilcoxon test; no difference between genotypes, U test; C) and peak firing frequency (open circles: wild type, 1.1 � 0.7–4.9 � 1.4 spikes/s; crossed circles:
TRPV1�/�, 0.5 � 0.3–7.2 � 2.8 spikes/s; p � 0.008, Wilcoxon test; no difference between genotypes, U test; D], and rise in threshold temperature in sensitized cold-sensitive units [open
rectangles:wild type, 17.7� 1.5°C–22.1� 1.8°C (only CMCH, n� 4); crossed rectangles: TRPV1�/�, 15.5� 0.9°C–24.3� 1.8°C (only CMC, n� 3), significant for pooled population, p� 0.03,
Wilcoxon test; no difference between genotypes,U test; E]. F, Averaged histogram summarizing the cold responses of all sensitized nociceptors in bins of 4 s (n� 20) for TRPV1�/� (stripedwhite
and black bars) and TRPV1�/� (blank white and black bars), camphor 2 mM induced sensitization to cold in one-third of the treated fibers (TRPV1�/�, n� 11/38; and TRPV1�/�, n� 9/28).
TRPV1�/�were congenic to C57BL/6. Lower trace, Temperature time course.
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tial discharge and was accompanied by a large rise in peak firing
frequency and a drop in activation threshold by 5°C (Fig. 1C–E).
The camphor-induced sensitization to cold was partially revers-
ible within 5 min of washout, and repeated applications pro-
duced comparable responses (Fig. 1A). Remarkably, camphor
sensitized less than half of the cold-sensitive nociceptors to cold
(�40%), and mostly C-Mechano-Cold (CMC) fibers (Table 1;
Fig. 1B). Cold transduction in CMC fibers depends on TRPM8,
because we previously demonstrated that these fibers are lacking
in TRPM8-deficient mice (Zimmermann et al., 2011). In addi-
tion, camphor induced novel pronounced responsiveness to
cold in some of the thermoinsensitive nociceptors [C-
Mechano (CM); Table 1; Fig. 1B].

To elucidate the molecular mechanism of the cold-sensitizing
effects of camphor, we first compared cold sensitization by cam-
phor with menthol and determined equipotent concentrations
and the overlap of camphor- and menthol-sensitive fibers. Ex-
pectedly and similar to camphor, menthol sensitized to cold (Fig.
2), and likewise the sensitization (to 50�M) consisted in a several-
fold increase in themagnitude of the cold response, a large rise in
peak firing frequency, and a large drop in threshold temperature,
depending on the concentration (using 50 and 500 �M; Fig. 2D–
F). Like camphor, this effect was largely reversible (Fig. 2A) and
mainly affected CMC, but also some of the CM nociceptors,
where de novo responsiveness to cold occurred. Polymodal
[C-Mechano-Heat (CMH)] or multimodal nociceptors [C-
Mechano-Cold-Heat (CMCH)] were not affected (Table 1, Fig.

2B). In contrast to previous patch-clamp reports from cultured
rat DRG neurons (Reid et al., 2002), where all neurons with cold-
activated inward current were menthol sensitive, and with cal-
cium imaging (Babes et al., 2004; Bautista et al., 2006), where the
majority (�70%) of cold-sensitive cells displayedmenthol sensi-
tivity, menthol sensitized only 30% of the murine native cold-
sensitive terminals (Fig. 2B, CMC and CMCH). Remarkably, the
higher concentration of menthol (500 �M) not only led to a
greater and more dynamic activation by cooling, but also to a
greater inactivation (adaptation) during the second, static, pe-
riod of cold stimulation (Fig. 2A,C). Accordingly, the difference
between both menthol concentrations reached significance only
during the falling phase of temperature when the cooling rate was
maximal (�1.5°C/s, from 30°C to 20°C; Fig. 2C, inset). Compar-
ing camphor andmenthol, we found that 50�M (menthol) and 2
mM (camphor) produced not only a very similar pattern of cold
sensitization (Fig. 2C), but were equipotent in all three measures
of sensitization (Fig. 2D–F, red projections; data pooled from
both genotypes TRPV1�/� and TRPV1�/�), magnitude of cold
response, peak discharge, and shift in threshold temperature.

Camphor transiently activates, desensitizes, and
blocks TRPM8
We tested nextwhether camphormodulates cold transduction by
directly targeting the menthol receptor TRPM8. Therefore, we
heterologously expressed rTRPM8 in HEK293T cells and used
calciummicrofluorimetry. Using the FLIPR Tetra plate reader to

Figure 2. Cold sensitization by camphor overlapswith sensitivity tomenthol.A, Original recording froma temperature-insensitive nociceptor showing instantaneous discharge rates in response
to menthol application and cooling. Menthol produced de novo, partly reversible, reproducible, and concentration-dependent sensitization to cold. Interstimulus interval and drug wash-in was 5
min. Lower trace, Time course of cold stimulus and temperature thresholds of activation.B, Four-way distribution describing the percentage ofmechanosensitive C-fibers of each subclass sensitized
to cold bymenthol (CM, temperature-insensitive nociceptor, n� 3/5; CMC, cold nociceptor, n� 3/5; CMCH,multimodal nociceptor, n� 1/9; CMH, polymodal nociceptor, n� 1/5; all, n� 8/24;
red area: fibers sensitized to cold by camphor projected from Figure 1B). C, Averaged histogram (1 s bins, three-point adjacent averaging) comparing cold-sensitizing effects ofmenthol (closed blue
circles, 50�M; open blue circles, 500�M) and camphor (red closed circles, pooled data fromboth genotypes in Fig. 1F); control. Note that a higher concentration ofmenthol leads to greater dynamic
activation and inactivation (adaptation) by cooling. Inset, Stimulus response diagram (APs/°C) for the first linear 7.5 s of the cold stimulus (1.5°C/s, corresponding to the time interval defined by
dotted lines in lower trace). The difference between both menthol concentrations was significant during the falling phase of temperature (asterisks represent p � 0.04, Wilcoxon test). D–F,
Quantification of menthol sensitization to cold: increase in response magnitude (control, 4.4� 2.0; 50�M, 38.1� 6.3; 500�M, 71.3� 15.5; n� 8/8/7; p� 0.01 and p� 0.09, Wilcoxon test;
D) and inpeak firing frequency (control, 0.7�0.4; 50�M, 5.0�1.1; 500�M, 14.1�2.8 spikes/s;n�8/8/7;p�0.01andp�0.02,Wilcoxon test;E), anda rise in threshold temperature (control,
14.4� 1.5°C; 50�M, 23.2� 1.6°C; 500�M, 26.1� 1.6°C; n� 8/8/7; p� 0.03 and p� 0.09, respectively, Wilcoxon test; F ). Solid symbols represent the mean. Note that camphor 2 mM and
menthol 50�M produce equipotent cold-sensitizing effects in all three measures of sensitization (red projections in D–F represent pooled data from both genotypes shown in Fig. 1C–E).
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measure stimulus-induced activity of rTRPM8-expressing cells,
we found that camphor, in contrast tomenthol, rapidly activated
and then desensitizedTRPM8-mediatedCa2� responseswithin 1
minof application (data not shown).Using conventional calcium
imaging, we confirmed a TRPM8-activating effect and also found
that application of camphor resulted in profound desensitization
of the receptor. This desensitization wasmild following short (15
s) applications of camphor (Fig. 3A) but was predominant with
longer application periods, and it manifested only as homolo-
gous, not as heterologous, desensitization (to menthol). A 5 min
lasting application of camphor—as performed in our skin-nerve
experiments—desensitized the receptor within �1 min and re-
duced the amplitude of the calcium response to a second cam-
phor application by 95% (Fig. 3B).We obtained these results also
for recombinant human TRPM8 (data not shown). Using 2 mM,
the camphor-activated calcium increasewas blocked in the pres-
ence of the TRPM8 antagonist BCTC 10 �M, and it was absent
in nontransfected HEK293T cells and in calcium-free external
solution (data not shown). In whole-cell recordings, a compa-
rable TRPM8-activating effect was not observed at physiolog-
ically relevant holding potentials. Camphor was without effect
on cold-activated (Icold) TRPM8 currents. Icold reached an av-

erage peak amplitude of 273 � 73 pA, and 2 mM camphor had
no effect (Icold 304 � 78 pA). The response of TRPM8 dis-
played a strong outward rectification during voltage ramps
(500 ms) from �100 to �150 mV (Voets et al., 2004). Only at
very positive potentials (�140 mV) did camphor (2 mM) have
a small potentiating effect of 15% (n � 7, p � 0.02; Fig. 3C). In
contrast, camphor partially blocked inward currents through
TRPM8 when the channel was activated by menthol (Fig. 3D).
At 25°C, 2 mM camphor inhibited the peak current by �70%
(data not shown). When combined with cold, camphor (2
mM) partly inhibited the menthol-induced potentiation of the
cold-activated current, but in steady state the amplitude of the
current was not further reduced. At 15°C, inhibition of peak
Icold potentiated by 50 �M menthol reached �60% and was
reversible (Fig. 3D). One likely reason for the lack of a discrete
inward current in whole-cell mode may be the comparatively
weak TRPM8 agonism of camphor, with menthol exhibiting
an EC50 of 0.027 mM, in contrast to camphor with 1.1 mM

(Fig. 3E).
We next tested the effect of camphor using calcium micro-

fluorimetry in culturedDRGs ofC57BL/6mice loadedwith Fura-
2AM, and we observed both transient rapid activating and

Figure3. CamphorexertsmixedagonistandantagonisteffectsonrecombinantrTRPM8.A,B,AverageresponseofHEK293Tcells (n�100)transientlytransfectedwithrTRPM8andsubmittedtorepetitiveshort (three
consecutiveapplicationsof15seach,numbered1–3;A)andonelonger(5minfollowedby15s)stimulationwithcamphor(2mM;red)ormenthol(100�M;blue;B);barchartsontherightillustratetheareaunderthecurve
(AUC) of consecutive responses. Menthol was applied after camphor applications to test for heterologous desensitization (red, but not blue lines). Black lines, Control menthol responses. Note that long application of
camphor-inducedpotent homologous but not heterologous desensitization. C, Cold-activated inward currents inHEK293T cells transiently transfectedwith rTRPM8. Camphor applied alone or in combinationwith a cold
stimulushadnoeffectonthecold-inducedcurrentthroughTRPM8. IcoldthroughTRPM8reachedanaveragepeakamplitudeof273�73pA(n�8;cold-stimulusto�10°C)andof304�78pAinthepresenceofcamphor
(n�8;p�0.05,Student’spairedttest).Righttrace,TRPM8activationat24°Cdisplaysastrongoutwardrectificationduringvoltageramps(500ms)from�100to�150mV(lowertrace);theeffectofcamphor2mMwas
verysmall.D,The2mMcamphorpartiallyblockedcold-activatedcurrentsofheterologouslyexpressedTRPM8whensensitizedby50�Mmenthol.Thecamphor-inducedinhibitionofthecold-activatedandmenthol-sensitized
peak current reached�60%(n�6).E, Concentration–response relationship of camphor (EC50, 1.1mM) andmenthol (EC50, 0.027mM) inHEK293T cells transiently transfectedwith rTRPM8using conventional calcium
imaging;asterisk signifiesp�0.001usingunpaired t test.F, Effectof camphoroncold responses (2min)of cold-andmenthol-sensitive (me)culturedmouseDRGneurons loadedwithFura-2AM.Camphorappliedaftera
controlcoldstimulusreducedthecold-activatedcalciumsignalof thesecondcoldstimulusby53%(redline;meanofn�14,p�0.006,Wilcoxontest).Repeatedsuperfusionwithcooledextracellularsolutionreducedthe
calciumsignalofthesecondcoldstimulusinmenthol-sensitivecellsby16%(dottedblackline;meanofn�8cells,p�0.025,Wilcoxontest).Barchart(right)comparesAUCforcold-activatedcalciumsignaloffirstandsecond
coldresponses.Redarrowhead,Someofthecellsshowedarapidandtransientcalciumincreaseuponcamphorapplication.
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blocking effects. First, DRG cultures were screened for cold sen-
sitivity, then the effect of camphor on the cold-activated calcium
increase was evaluated. Cells were subsequently treated with
menthol (Fig. 3F) and capsaicin (data not shown). Similar to the
results in transiently transfected HEK293T cells, and as previ-
ously described, camphor had a mild and transient activating
effect in a small number of neurons, which mainly affected cells
that were also activated by 1 �M capsaicin (Xu et al., 2005); since
some of these neurons were also sensitive to menthol, this transient
activationcouldalso reflect a transient activationofTRPM8(Fig. 3F,
arrowhead). Inmenthol-sensitive cells, camphor showed a blocking
effect on the cold-activated calcium influx.When two repeated cold
stimuli were applied, and the second stimulus was applied in the
presence of camphor, the blocking effect reached 53% (p � 0.006,
n � 14; Fig. 3F), but two repeated control cold stimuli showed a
significant decline of the cold-activated calcium signal of 16% (p�
0.025; n� 8; Fig. 3F).

We assumed that the activating effect of camphor on TRPM8
was too weak and transient to explain the cold-sensitizing effects
of camphor in the native nociceptors. In the presence of menthol
and at cold temperatures, the blocking effect of camphor on
TRPM8 was incomplete (Fig. 3C), and the amplitude of the re-
maining cold-activated TRPM8 current is large enough to allow
for sufficient cold-activated generator potentials and propagated
action potentials in the nociceptive terminals (Fig. 1). Therefore,
we assumed that in nerve terminals camphor may act indepen-
dently of TRPM8. We next tested whether coadministration of
camphor andmenthol results in a summation of cold-sensitizing
effects.

Menthol and camphor sensitize to cold via independent
mechanisms
C-fibers with previous cold sensitization by either camphor or
menthol were tested for cross sensitivity to the respective other
compound. First, we analyzed the combined effect of camphor
andmenthol at equipotent doses (2mM and 50�M; Fig. 2). Men-
thol coapplied with camphor significantly increased the
camphor-induced cold sensitization in all three measures of sen-
sitization, magnitude of cold response, peak discharge, and shift
in threshold temperature (n � 10; Fig. 4A–D). Nevertheless, the
effect of the combination of the compounds appeared to be
slightly less than additive. On one hand, this may be due to the
desensitizing and partial blocking effect of camphor on TRPM8.
Of more importance in terminal nerve endings could be the fact
that strong sensitization also entails adaptation and/or desensiti-
zation, a phenomenon that we have previously described for cap-
saicin (St. Pierre et al., 2009). This would certainly result in
reduced peak discharge and magnitude of responses. Therefore,
in a second experiment we applied camphor 2 mM after applica-
tion of menthol at a saturating dose of 500 �M, which induces
adaptation and desensitization, as demonstrated in Figure 2, A
and C. With this combination, we found similar potentiating
effects of both compounds, which led to activation of all
treated terminals at 30°C bath temperature (n� 6; Fig. 4E–H ).
These results suggest that the underlying mechanisms of ac-
tion of both compounds are independent.

To find outmore about themolecularmechanism of action of
camphor in the fibers, we next used the patch-clamp technique in
current-clamp mode on cold-sensitive cultured DRG neurons as

Figure 4. Camphor andmenthol sensitize to cold via independentmechanisms. A–D, Camphor (2mM)-induced sensitization to cooling is increased by subsequent coapplication ofmenthol (50
�M).A, Original recording froma temperature-insensitive nociceptor (CM) showing instantaneous discharge rates in response to cooling after application of camphor (2mM) and an equipotent dose
of menthol (50 �M). Lower trace, Time course of cold stimulus and threshold temperature of activation. B–D, Quantification of the synergistic effect of menthol on the camphor-induced cold
sensitization: increase in response magnitude (82.1� 18.3–102.2� 18.5; p� 0.028, Wilcoxon test; B); increase in peak discharge (10.0� 2.4–16.6� 4.0 spikes/s, p� 0.028, Wilcoxon test;
C); and rise in temperature threshold (22.1� 1.6°C–25.2°C�1.3; p� 0.046, Wilcoxon test; D). Bold dotted lines: average of n� 10, dotted arrow: representative sample shown in A. E–H, Cold
sensitization induced by a saturating dose ofmenthol is further increased by coapplication of camphor (2mM). E, Original recording from a cold nociceptor showing instantaneous discharge rates in
response to cooling after application of menthol (500 �M) and camphor (2 mM). Lower trace, Time course of cold stimulus and threshold temperature of activation. F–H, Quantification of the
synergistic effect of camphor on the menthol-induced cold sensitization: increase in response magnitude (71.8 � 19.6–92.1 � 24.1; p � 0.1, Wilcoxon test; F ) and peak discharge (13.8 �
3.3–22.7�4.9 spikes/s, p�0.04,Wilcoxon test;G), and rise in temperature threshold (27.4�1.1°C–29.3�0.4°C;p�0.1,Wilcoxon test;H ). Bold dotted lines, Average ofn�6; dotted arrow,
representative sample shown in E.
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a model. Cold sensitivity is present only in a small fraction of
DRG neurons in the mouse (�10%). Therefore, we identified
cold-sensitive DRG neurons by using DRG preparations from
heterozygous TRPM8EGFPf/� mice (Dhaka et al., 2008). In fluo-
rescent small-sized neurons (ø16.6 � 1.64 �m), a cooling step
from 30°C to 10°C repeatedly produced a large cold-activated
voltage change of 39 � 2.7 mV and triggered action potentials at
a threshold temperature of 23.9 � 1.1°C (Fig. 5A). In these neu-
rons, camphor (2 mM) reduced the number of action potential
discharges in the falling phase of the cooling step by almost half
(Fig. 5B). There was no change in the activation threshold of the
neurons after camphor application (23.8 � 1.1°C). This revers-
ible reduction in action potential discharge may be due to a
camphor-induced hyperpolarizing shift in sodium channel volt-
age dependence, whichmay result in reduced channel availability
at depolarized potentials due to inactivation (Xu et al., 2005). The
effect of camphor was also tested on five cold-insensitive neurons
where camphor had no effect at any temperature applied. An
effect of camphor on the excitability of DRG neurons was then
investigated by measuring rheobase current. Therefore depolar-
izing current pulses of 1000 ms duration and increasing intensity
were injected into the cells. Camphor induced a pronounced and
reversible decrease in rheobase by �31% (Fig. 5C), which is in
agreement with an increase in excitability. One likely explanation
for this effect is reduced background potassium conductance.
The effects of camphor on voltage-gated outward currents were
monitored using 300ms steps from�80 to�60mVapplied at 10
mV intervals from a holding potential of �60 mV. Camphor
inhibited potently and reversibly the outward current inDRGs by

48–53% at positive potentials. This current is contributed by
voltage-gated potassium channels of different types (Fig. 5D,E).

Kv7.2 potassium channels are sensitive to block by camphor
and menthol
To identify types of background and voltage-gated potassium
channels blocked by camphor, we used a FLIPR Tetra-based
screening assay where K2P potassium channels and Kv7 subtypes
were heterologously expressed inHEK293T cells and loaded with
membrane potential dye. In this assay, the overall change in
membrane potential is translated into a change in fluorescence.
Of all K2P channels present in DRGs, we chose those that were
modulated by temperatures, which includes TREK1, TREK2, and
TRAAK (Kang et al., 2005; Alloui et al., 2006; Noël et al., 2009),
and the most widely expressed K2P channel in mouse DRGs,
TRESK (Kang and Kim, 2006; Dobler et al., 2007). Kv7.2 and
Kv7.3 channels were included because they have profound influ-
ence on nociceptor excitability. Subtypes coassemble to form the
M-current, which is present in nociceptors and has a threshold of
activation near resting membrane potential (�60 mV) (Schroe-
der et al., 1998; Wang et al., 1998; Linley et al., 2008; Passmore et
al., 2012). In this assay, Kv7.2 wasmost sensitive to camphor with
an EC50 of 1.9 mM; TRESK and Kv7.3 were much less sensitive to
block by camphor (EC50 of 8.6 and 9.4 mM, respectively; Fig.
5F,G). To validate the membrane potential assay, we next tested
the effect of camphor on potassium channels in patch-clamp
experiments. Indeed, heterologously expressed Kv7.2 proved to
be most sensitive to camphor, and half-maximal block was at-
tained with 500 �M camphor. Heteromultimers were less sensi-

Figure 5. Camphor blocks potassium channels. A, Top, Representative current-clamp recording from a cultured TRPM8-positive and cold-sensitive DRG neuron of a TRPM8EGFPf/� mouse.
Application of camphor did not induce action potential discharge, but caused partial reduction of the number of discharged action potentials during cooling (control, 116 spikes per cold stimulation;
camphor, 77;wash, 106). The cold-activated voltage change and the temperature of activationwere unchanged (22, 22.2, and 22.8°C, respectively).Middle trace, Temperature time course. Bottom,
Expanded first and second cold response.B, Camphor reduced the cold response (action potentials discharge during the falling phase of the cold stimulus) in all TRPM8-expressing cells (n� 5; p�
0.04Wilcoxon test). C, Camphor reversibly decreased rheobase current, resulting in an increased excitability (n� 5). Current injections in 10 pA steps and of a length of 1000mswere applied (64�
9.8, 44�9.3, and 70�15pA, respectively;n�5,p�0.04,Wilcoxon test).D, Potassiumcurrents activated by depolarizing voltage pulses from�80 to�60mV fromaholding potential of�60
mV in a cultured DRG neuron. Sodium currents were blocked with 700 nM TTX. E, I–V relationship of potassium currents recorded in DRG neurons; the camphor-induced blocking effect could be
washed out and reached�50% at positive voltages ( p� 0.05, t test). F, HEK293T cells transiently expressing the K2P channels TRESK, TRAAK, TREK1, and TREK2, and KV7.2 and KV7.3were loaded
withmembranepotential dye, and the relative change in fluorescencewasmeasuredusingaFLIPRTetraplate reader and is shownas change relative tobaseline.G, Stimulationwith camphor caused
a concentration-dependent change in fluorescence in HEK293T cells transiently expressing TRESK (open diamonds; EC50� 8.57 mM) or KV7.3 (open up-pointing triangles; EC50� 9.38 mM). Cells
expressing KV7.2 (open down-pointing triangles; EC50� 1.92 mM) were most sensitive to camphor, while there was no effect in untransfected HEK cells (closed diamonds).
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tive and required 1.42 mM camphor for half-maximal block. The
K2P channel most sensitive to block by camphor was TRESK,
requiring 10.6 mM camphor for half-maximal block (Fig. 6A,C).
TREK1, TREK2, and TRAAK were insensitive to lower concen-
trations of camphor. Overall, the membrane potential assay
yielded approximately comparable results, and is therefore a con-
venient and fast method for target screening on potassium
channels.

We next asked whether menthol exerts a similar effect on KV7
channels. HEK293T cells were voltage-clamped to 0 mV at room
temperature to activate outward currents generated by tran-
siently expressed heteromeric KV7.2/7.3 channels. When applied
under these conditions, increasing concentrations of menthol
(3–1000 �M) produced apparent inward current responses of
increasing amplitudes that resulted from the dose-dependent in-
hibition of KV7.2/7.3 channels (Fig. 6B). From the dose–response
relationship depicted in Figure 6C, we calculated a half-maximal

block of the outward current at 289 �M,
thus yielding an EC50 value for menthol
that was considerably lower than that for
camphor.

To investigate a synergistic action of
menthol on cold-sensing effectors, we
cotransfected KV7.2/KV7.3 channels with
TRPM8. Starting from a holding potential
of �80 mV, HEK cells were depolarized
stepwise in 10 mV increments. At each
command potential, a 0.5 s pulse of men-
thol (50 �M) was spritzed onto the cell. At
hyperpolarized potentials, activation by
menthol of TRPM8 gave rise to a transient
inward current that decreased as the com-
mand potentials became less negative,
thereby reducing the driving force. As
command potentials were mademore de-
polarized, the effect of menthol grew in
size, now reflecting its blocking action on
KV7.2/7.3 channels, as shown above (Fig.
6D). These data demonstrate that, with
its simultaneous effect on TRPM8 and
KV7.2/7.3 channels, menthol is capable
of providing increased transducing in-
ward current over the entire voltage
range (Fig. 6E). To investigate whether
block of these KV potassium channels is
relevant for the cold-sensitizing effect of
camphor and menthol, we next applied
XE991, a specific blocker of KV7 chan-
nels, to receptive fields of CMC fibers in
skin-nerve preparations.

Like camphor, M-current blocker
XE991 amplifies cold transduction
The effect of XE991 was recently analyzed
in the rat skin-nerve preparation, but only
with respect to modulation of heat sens-
ing. In this study, application of XE991
sensitized A-fibers to heat and induced
ongoing activity at bath temperature,
while no effect on C-fibers was found
(Passmore et al., 2012). The EC50 for
XE991 lies in the low-micromolar range,
and we used 10 �M, corresponding to the

EC80 for heterologously expressed KV7.2 and KV7.3 (Wang et al.,
1998) or the EC60 for acutely dissociatedDRGs (Rose et al., 2011).
Subsequently and in the same fibers, we also applied 100 �M,
because the IC50 for KV7.5 subtypes, which potentially dominate
in C-fibers according to a recent report (King and Scherer, 2012),
is much higher with 60–70 �M (Schroeder et al., 2000). After
washout of XE991, each fiber was tested with menthol or cam-
phor for cross-sensitization to cold. We specifically searched for
mechanosensitive C-fibers with cold-sensitivity and found that
10 �M XE991 sensitized 7 of 10 CMC fibers to cold. All of the
sensitized fibers increased their cold response further upon treat-
ment with camphor or menthol (Fig. 7A,B). The sensitization to
cold by XE991 occurred only in cold nociceptors (CMC fibers),
not in multimodal nociceptors (CMCH: n � 2) or polymodal
nociceptors (CMH: n � 3), but also in none of the thermoinsen-
sitive units (CM: n � 3). This was in accordance with the sub-

Figure6. Camphor andmenthol inhibit KV7.2/KV7.3 channels.A, Sample traceofKV7.2 in response to the indicatedvoltage step
protocol showing block by camphor and washout. B, Outward currents mediated by KV7.2/KV7.3 channels of HEK293T cells were
dose dependently and reversibly inhibited by increasing concentrations of menthol (3–1000 �M). Holding potential, 0 mV. C,
Blockingeffect of camphor (red) ondifferentK� channels depictedas fittedaverage. KV7.2/3 (red circles): IC50�1.42�0.20mM;
minimum, 15.18 � 3.77%; Hill coefficient, 0.88 � 0.07 (n � 9). KV7.2 (down-pointing triangles): IC50 � 0.53 � 0.11 mM;
minimum,2.76�1.56%;Hill coefficient, 0.70�0.02 (n�12). KV7.3 (up-pointing triangles)was least affectedby camphor (n�
4). TRESK (rhombs): IC50�10.62�3.62mM;minimum, 11.35�4.65%;Hill coefficient, 0.79�0.07 (n�9). Relative inhibition
of KV7.2/KV7.3 outward current by menthol (blue circles) was plotted as a function of menthol concentration. A logistic equation
was fitted to the dose–response data, yielding an EC50 of 298�M (n� 10 for each data point).D,Menthol (50�M) had synergistic
effects on TRPM8 and KV7.2/KV7.3 channels cotransfected in HEK293T cells. At each command potential, a brief pulse of menthol
(50�M) was spritzed onto the recorded cells. Menthol-induced inward currents resulted predominantly from TRPM8 activation
and KV7.2/KV7.3 inhibition at hyperpolarized and depolarized potentials, respectively. E, I–V relationships were calculated from
experiments of D immediately before menthol application (black circles) and during peak menthol effect (open circles). Currents
were normalized to their maximal amplitude before spritzing menthol (n� 9). All error bars indicate SEM.
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populations of fibers sensitized to cold by camphor and menthol
(compare Figs. 1B, 2B, Table 2). The cold sensitization was inde-
pendent of any direct effect of XE991 on TRPM8, because addition
of XE991 on heterologously expressedTRPM8 at concentrations up
to 100�Mneither activated TRPM8nor inhibited responses evoked
by addition of menthol (50 �M; using a FLIPR Tetra fluorescent
Ca2� assay; data not shown).

There were some differences between the effects of XE991
and camphor: XE991 had no significant sensitizing effect on
the activation threshold (Fig. 7C) and on the peak discharge of
the cold nociceptors (not illustrated). XE991 shifted the
threshold by 2.0 � 1.8°C (mean � SEM; n � 8 CMC fibers,
p � 0.2, Wilcoxon test; camphor: 7.4 � 1.3°C; n � 15 CMC
fibers) and changed the peak discharge by 1.3 � 1.4-fold (n �
8, p � 0.4, Wilcoxon test; camphor: 5.2 � 0.6-fold). However,
in accordance with a suprathreshold effect on cold transduc-
tion, XE991 significantly increased the mean discharge rate
per second during the cold response from 0.7 � 0.4 to 1.5 �
0.9 spikes/s (n � 8, p � 0.02, Wilcoxon test; camphor: 1.0 �
0.1–3.6 � 0.3; n � 15 CMC fibers, p � 0.005; not illustrated).
On average, the saturating 100 �M concentration of XE991
was almost equally effective as the 10 �M concentration (EC80

concentration at KV7.2 and 7.3), and produced a total increase
in the magnitude of the cold response of 2.9� 0.4-fold (XE991
10 �M: 2.7 �0.4-fold; Fig. 7B). However, on an individual

basis, four of seven fibers showed further increased sensitiza-
tion upon exposure to 100 �M XE991: the magnitude of their
cold response increased by an additional 30% (compared with
10 �M XE991), which possibly indicates that in particular fi-
bers the recruitment of other KV7 channel subtypes, like
KV7.5, occurs (Wang et al., 1998; King and Scherer, 2012).
Together, XE991 was less effective than camphor, which am-
plified the cold response by 4.2 � 0.5-fold (Fig. 7B). Never-
theless, from these results, block of M-current can explain
more than half of the cold-sensitizing effect of camphor at 2
mM in mechanosensitive C-fibers (�64–69%).

To estimate the extent of M-channel block contributing to
menthol-activated cold responses, we used the potentM-channel
opener retigabine in combination with menthol. Retigabine was
previously shown to be effective in rescuing M-channel function
from block (Linley et al., 2012), and thus might overcome
menthol-induced inhibition of the M-current (Fig. 6B–E). We
found that the sensitizing effect of menthol could be entirely
reversed by the addition of retigabine at supramaximal concen-
tration (50 �M), and that this effect was immediately reversed by
superfusion with XE991 10 �M (Fig. 7D,E). Like XE991, retiga-
bine neither activated TRPM8 nor inhibited responses evoked by
the addition of menthol (50 �M; using a FLIPR Tetra fluorescent
Ca2� assay; data not shown).

Figure 7. Kv7 channel modulators XE991 and retigabine have opposite effects on cold sensing in CMC fibers. A, Original recording showing instantaneous discharge rates in response to cooling
and XE991 application. XE991 10�M produced sensitization to cold in camphor-sensitive CMC fibers. Interstimulus interval and drug wash-in was 4 min. Lower trace, Time course of cold stimulus
and temperature thresholds of activation. B, Cold-sensitizing effect of subsequently applied 10 and 100�M XE991 shown as an increase inmagnitude of the cold response. XE991 10�M increased
the cold response by 2.7-fold, and 100�M by 2.9-fold (n� 7, p� 0.06, t test). Camphor, applied afterwashout of XE991, increased the cold response by 4.2-fold over baseline (mean of n� 5 CMC
fibers), which was significantly more than XE991 (vs 10�M, p� 0.002; vs 100�M, p� 0.03, t test). Block of KV7-channels by XE991may explain�64–69% of the cold sensitization of camphor.
C, Sensitization to cold by XE991 did not entail a decrease in temperature threshold (control, 16.0� 1.7°C; XE991, 18.0� 1.4°C (10�M), 21.4� 1.2°C (100�M); camphor, 22.8� 2.0°C; n�
8/8/7/5; *p� 0.02, t test).D, Original recording showing instantaneous discharge rates in response to cooling and combined application ofmenthol (50�M) and retigabine or XE991. Interstimulus
interval anddrugwash-inwas4min. Lower trace, Timecourseof cold stimulus and temperature thresholdsof activation.E, Additionof 50�M retigabine reversedmenthol-induced cold sensitization
in CMC fibers (reduction by 51%), while the addition of XE991 restored and further boosted thementhol effect (increase by 33%; n� 4–5; p� 0.007, t test); in contrast, repeated cold stimulation
in the presence of menthol alone showed a progressive decline of the menthol-sensitized cold response by 15%, 21%, and 23%, respectively (n� 4; p� 0.05, t test). Error bars represent SEM.
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Block of M-current is not sufficient to initiate
cold transduction
So far, we have demonstrated that camphor, menthol, and the
specificM-current blocker XE991 can produce cold sensitization,
but only in CMC fibers, the fiber type that is absent in TRPM8-
deficient mice, and in some menthol-sensitive CM fibers. This
observation raises the question of whether the block of potassium
channels, like the M-current, is sufficient to induce cold trans-
duction in terminal nerve endings or whether the depolarization

only amplifies a generator potential pro-
vided by cold-activated inward current.
To answer this question, we analyzed cold
sensitization by XE991 and camphor in
TRPM8-deficient mice. In a large sample
ofTRPM8�/� fibers, camphor andXE991
failed to induce cold sensitization (n � 32
and n � 22, respectively). In contrast, in
age- and sex-matched littermate control
mice, the cold sensitization of camphor
could be reproducibly induced in the
same fiber subtypes as in C57BL/6 mice
(n� 32; Fig. 8A,C; Table 2); similarly, the
cold-sensitizing effect of XE991 was re-
produced in two CMC fibers from
TRPM8�/� mice. In conclusion, in the
case of camphor and XE991, block of po-
tassium channels leads to a reduction of
the voltage change across the membrane,
which is insufficient to reach the action
potential threshold. Nevertheless, it re-
sults in a considerable augmentation of
the transduction current by TRPM8.
This yields discharge of more action po-
tentials and higher firing rates during
cooling. Thus, XE991—in contrast to
camphor—amplifies cold transduction
mainly when cold transduction is acti-
vated and the threshold is exceeded,
while camphor also exhibited a signifi-
cant effect on the threshold and shifted
it by �5°C to lower temperatures. This
additional effect of camphor is similar
to menthol (� 9°C shift) and may be
mediated by TRPM8 agonism in combi-
nation with inhibitory effects on other
potassium channel subtypes.

Equilibrium of Kv7 channels and
TRPM8 receptors in somatic
cold nociceptors
Previously, potassiumchannels of theKV1
familywere identified to play a crucial role
in the setting of the activation threshold of
cultured cold-sensitive trigeminal neu-
rons, and their expression was reported to
form equilibrium with TRPM8 expres-
sion. This equilibrium is functionally con-
ferred by inverse correlations between the
threshold temperature of activation of the
cold-sensitive neurons and KV1 current
density (negative correlation) and TRPM8
current density (positive correlation; Ma-
drid et al., 2009). We next investigated

whether in somatic cold nociceptors a similar inverse relationship
exists for KV7 channel availability and temperature threshold of ac-
tivation of the cold nociceptors. In extracellular skin-nerve record-
ings,we have nomeans to determineKV7 channel density as current
density, but it may be indirectly derived from the magnitude of the
cold-sensitizing effect achieved by inhibitors XE991 and camphor.
Figure 8,B andD, illustrates that, similar to thepublished findings in
the trigeminal system, the fibers with the highest temperature

Figure 8. Cold sensitization by XE991 and camphor requires TRPM8. A, Averaged histogram of cold sensitization by XE991 10
�M in bins of 2 s in wild type (wt; black bars, n� 10 CMCH) and TRPM8�/� (white bars, n� 8). XE991 sensitization to cold was
present in fibers from C57BL/6 (n� 8) and TRPM8�/� (n� 2) but not in TRPM8�/� fibers. Lower trace, Time course of cold
stimulus. Right, Bar chart summarizingXE991 sensitization to cold per 60 s cold stimulus in bothgenotypes (wt: 19.9�4.5–40�
6.5; p � 0.02, t test; TRPM8�/�: 6.2 � 1.1–2.7 � 0.8). B, Correlation between activation threshold temperature of cold
nociceptors (CMC) and cold sensitization by XE991 plotted as the fold increase in response magnitude (action potentials per cold
stimulus of 60 s); dotted line, 0.95 confidence interval. C, Averaged histogram of cold sensitization by camphor in bins of 2 s
recorded from TRPM8�/� (black bars, n� 18 CMCH fibers) and TRPM8�/� (white bars, n� 10). The sensitization to cold of
camphor was reproduced in wt but not in TRPM8-deficient fibers. Lower trace, Time course of cold stimulus. Right, Bar chart
summarizing camphor sensitization to coldper 60 s cold stimulus inbothgenotypes (wt: 14.2�4.3–37.6�12.6;p�0.08, t test;
TRPM8�/�: 7.8 � 1.6–6.1 � 1.7. D, Correlation between activation threshold temperature of cold nociceptors and cold
sensitization by camphor plotted as the fold increase in responsemagnitude (action potentials per cold stimulus of 60 s) for 15 CMC
fibers. E, Mean firing frequency of corneal cold thermoreceptors from C57BL/6mice in control solution (dotted line), in camphor 1
mM (black circles) and 10mM (white circles). The figure displays the activity before (10 s) and during a dynamic cooling ramp from
34 to 20°C illustrated in the bottom trace. Inset, Mean slope (see Materials andMethods) of the change of frequency between the
cooling threshold and the peak frequency versus temperature during dynamic cooling ramps (dotted line): 9.1 � 1.7 versus
camphor 1mM (black circles) 8.8� 3.1 impulses/s/°C and 10mM (white circles) 0.5� 0.3 impulses/s/°C; n� 7; paired t test: p�
0.003). Errors bars represent the SEM. F, Mean activity, shown as impulses per second at 34°C, is increased by the application of
camphor 1mM for 3.4min,while themaximum response during a dynamic cooling ramp is attenuated or blocked after application
of camphor 1 or 10mM, respectively. Ongoing activity: 3.7� 1.2 impulses/s (control) vs 7.5� 1.9 impulses/s at 1mM (n� 7) and
3.4�1.2 impulses/s at 10mM (n�10); paired t test,p�0.003 andp�0.5, respectively; peak frequency: 56.9�6.7 impulses/s
(control) versus 38.0� 5.6 impulses/s at 1 mM and 8� 4.4 impulses/s at 10 mM; n� 7; paired t test, p� 0.01 and p� 0.004,
respectively. Errors bars represent the SEM.
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threshold showed the largest amplification of their cold response on
camphor or XE991 application, while fibers with threshold close to
resting temperature (30°C) showed little increase in their cold re-
sponse after treatment with either compound.

In contrast to the cold nociceptors in the skin, low-threshold
corneal cold thermoreceptors show an extremely high sensitivity
to small temperature decreases (Parra et al., 2010). TRPM8 is
essential, and a lack of KV1 potassium channels is a characteristic
feature of these particular receptors and is evidenced by a lack of
effect of potassium channel blockers like 4-AP (100 �M) on the
cooling threshold (Madrid et al., 2009; Parra et al., 2010). In these
fibers, superfusion of camphor (1 mM) led to a transient activa-
tion at bath temperature and a decrease in the dynamic cooling
response, much like the effect of camphor on heterologously ex-
pressed TRPM8 (Fig. 8E,F). In contrast, higher concentrations
(10 mM) fully blocked the cold response. These effects may be
explained by transient agonism, partial block, and desensitization of
TRPM8.

Discussion
Specialized thermosensitive nerve endings in the skin are en-
dowed with a large variety of ion channels to detect a broad range
of cold temperatures. In this study, we identify for the first time a
functional synergism between KV7 potassium channels forming
the M-current and TRPM8-activated cold sensing in cutaneous
cold nociceptor nerve endings. In detail, we show that camphor,
a natural compound with promiscuous effects on various TRPs,
mediates its psychophysically measurable effect of sensitization
to cooling by modulating TRPM8-dependent cold transduction
in nociceptors via block of KV7 channels. In addition, menthol
proved to be an even more potent M-channel blocker. In accor-
dance with these findings, inhibition of KV7 by the specific
M-current blocker XE991 resulted in sensitization of TRPM8-
dependent cold transduction, while the M-channel enhancer re-
tigabine attenuated cold transduction. Neither camphor nor
XE991 modulates cold transduction in TRPM8-deficient fiber
types or fibers from TRPM8-deficient mice. The differential
effects of camphor in cultured DRG cell bodies (reduction of
cold-activated responses) and terminal nerve endings (potent
sensitization to cold) suggest important differences between
both models.

In nerve terminals, as expected, menthol dramatically in-
creased the cold-induced action potential discharge and induced
a shift in temperature activation threshold by almost 9°C at 50
�M, but induced firing at 30°C only at very high concentration.
Thereby the effects of menthol in the terminals directly reflect
observations from current measurements of heterologously ex-
pressed TRPM8: depending on the expression level, cold-
activated currents are of small amplitude, but can undergo a large
increase following chemical sensitization (Peier et al., 2002).
Camphor induced a similar sensitization to cold in an equally
large proportion of cutaneous terminals asmenthol, affecting the
same subpopulation of mechanosensitive C-fibers. In contrast,
its effects on heterologously expressed rat and human TRPM8
were notably different from menthol and rather complex: cam-
phor induced a brief activation, but was a far weaker agonist than
menthol, and activation was regularly followed by desensitiza-
tion. These actions on recombinant TRPM8 contrast the pro-
found and menthol-like cold-sensitizing effects of camphor in
cold nociceptors. Apart from that, camphor seemed to partly
inhibit agonist-activated TRPM8: it blocked the menthol-
activated current through the recombinant channel, but had

much less blocking influence on the cold-induced current of re-
combinant TRPM8 or the cold-activated Ca2� increase and ac-
tion potential firing of TRPM8-expressing cultured DRGs. In
fact, a weak blocking effect of camphor on recombinant TRPM8
was previously mentioned (Vogt-Eisele et al., 2007), and the ef-
fects of camphor on TRPV1 are similar: rapid activation is fol-
lowed by profound desensitization (Xu et al., 2005; Marsakova et
al., 2012). In fact, in the nerve terminals the potent cold-
sensitizing action of camphor seemed to require more than weak
TRPM8 agonism, because coapplication of equipotent concen-
trations of camphor and menthol produced additive effects, and
even cold sensitization by a saturating concentration of menthol
was further enhanced by camphor.

Themost obvious effect of camphor in cultured DRGs was a
block of potassium outward currents
Potassium channel block is already a recognized principle to ex-
plain part of the cold-induced increase in membrane resistance,
which partly depends on leak channels of the K2P channel family.
Themost widely expressedK2P channel inmurineDRGneurons,
TRESK (Kang and Kim, 2006; Dobler et al., 2007) was only
weakly blocked by camphor as measured in our membrane po-
tential assay and confirmed in patch-clamp experiments (block
of�20% at 2mM). Other K2P channels, like TREK1, TREK2, and
TRAAK, undergo cooling-dependent closure, but were not af-
fected by camphor. Nevertheless, the small effect on TRESKmay
contribute to the cold sensitization and synergize with the genu-
ine effects of cooling.

In nociceptive neurons, KV7 channel subtypes form the non-
inactivating M-current, which affects the neuronal resting mem-
brane potential. Inhibition of the M-current is pronociceptive
and occurs under inflammatory conditions conveyed, for exam-
ple, by mediators coupling to phospholipase C (Linley et al.,
2008, 2012).Modulation ofM-current directly affectsmembrane
excitability in all types of neurons, which is documented by in-
herited loss-of-function mutations within M-channel genes
(KV7.1–KV7.5). In case of KV7.2, this result in peripheral nerve
hyperexcitability states and benign familial neonatal seizures
(Miceli et al., 2012). Indeed, excess topical exposure or accidental
ingestion of camphor in children can result in tonic-clonic sei-
zures (Love et al., 2004).

De novo cold sensitivity in cutaneous nociceptors may be a
sign of highM-channel activity
A remarkable finding of the present study was that menthol as
well as camphor induced de novo cold responsiveness in a large
proportion (45–60%) of mechanosensitive C-fibers. These units
have functional cold transducers, but the cold-activated genera-
tor potential is too small to reach the threshold for action poten-
tial generation. When cooling is combined with menthol or
camphor, the generator potential increases and cold-sensitivity
becomes apparent. De novo cold sensitivity may be a sign for a
particularly high M-channel activity, which in case of menthol
(or camphor) application is attenuated and contributes to the
sensitized cold response. This coherence is also in line with our
finding that application of the M-channel enhancer retigabine
dramatically reducedmenthol-sensitized cold responses in CMC
fibers. These particular types of nociceptorsmayundergo recruit-
ment under pathophysiological conditions (e.g., in response to
contact with an endogenous agonist or sensitizer), like brady-
kinin is one in recruiting heat responsiveness (Reeh and Pethö,
2000) and causing M-channel block (Linley et al., 2012).
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Remarkably, from all cold-sensitive units treated with
menthol, only one-third were sensitized to cold. The remaining
cold-sensitive units either rely on another cold-transducing
mechanism enabling the inward current for the generator po-
tential or are TRPM8 positive, but suffer desensitization (Cliff
and Green, 1996; Rohács et al., 2005). In this respect, we also
observed mixed sensitizing and desensitizing effects with the
TRPV1 agonist capsaicin when applied to receptive fields (St.
Pierre et al., 2009).

Functional synergism between KV7 channels and TRPM8-
dependent cold transduction
The finding that XE991, a selective blocker of KV7 channels, in-
duced potent cold sensitization in the same camphor- and
menthol-sensitive TRPM8-expressing fibers, but not in other
types of fibers, suggests that the contribution of KV7 channels to
enhanced cold transduction is specific to TRPM8-expressing
pathways.

In contrast to camphor, XE991 was less effective but still more
than doubled cold responses when used at the EC80. The cold-
sensitizing effect of camphor was quantified using 2 mM, which
represents the EC50 in KV7 heteromultimers (KV7.2/KV7.3), al-
though KV7.2 was determined to be more sensitive with an EC50

of 0.5 mM. The blocking effect of menthol on KV7.2 was larger,
with an EC50 of 0.29 mM. Referring to the increase in the
magnitude of the cold response induced by XE991, block of
KV7 channels may explain approximately two-third of the
cold-sensitizing effects of camphor and certainly some of the
cold-sensitizing effects of menthol in terminal nerve endings.
The remaining cold-sensitizing effect of camphor should be
mediated by other ion channels, which may include the K2P
channel TRESK.

In general, block of theM-current is induced by an increase in
intracellular Ca2� and depletion of membrane phosphatidylino-
sitol 4,5-bisphosphate (PIP2), which can occur independent of
each other (Gamper et al., 2005; Linley et al., 2008). In cold no-
ciceptors, Ca2� is provided directly through cold-activated
TRPM8, andusually, sustained opening of TRPM8 results in PIP2
depletion and decreased activity or adaptation of the cold sensors
(Rohács et al., 2005; Daniels et al., 2009; Yudin et al., 2011). This
is also applicable to the peripheral endings, where the highest
concentration of menthol induced strongest adaptation. Inhibi-
tion ofM-current could thus be a direct consequence of sustained
TRPM8 activation by cold and could counteract TRPM8 desen-
sitization enabling a sustained generator potential and a higher
density of discharged action potentials. This view is supported by
the observation that both camphor and XE991 required TRPM8
activation to induce sensitization to cold, and that XE991 alone
had almost no effect on the temperature threshold of activation.

In this respect, our finding of a negative correlation be-
tween the magnitude of the cold-sensitizing effect achieved by
M-channel inhibitors and the temperature threshold of activa-
tion of cold nociceptors (Fig. 8B,D) may not be explained solely
by opposite levels of KV7 channel availability. In fact, a similar
relationship would be apparent if expression levels of TRPM8
receptors and KV7 channels were matched, and KV7 block con-
tingent on TRPM8 activation. In this scenario, high TRPM8 ac-
tivity would always confer high state of KV7 block and vice versa.
The finding that camphor- and XE991-induced sensitization is
entirely absent in TRPM8-deficient mice is in line with the find-
ing that cold sensitization is absent in any non-TRPM8-
expressing fiber type. The conclusion is clear. Block of KV7 can
provide considerable amplification of cold transduction, but is

too weak to initiate cold transduction without cold-activated
TRPM8.

Our study highlights some exquisite differences between cul-
tured sensory cell bodies and cutaneous nerve terminals and
shows that the effect of a multiple-target drug like camphor is
tightly linked to the ion channel expression profile of the target
tissue. This notion is illustrated in particular by the contrasting
effects of camphor in low-threshold corneal cold thermorecep-
tors, where it exerts transient activating and blocking effects due
to the exquisitely high expression of TRPM8 (Parra et al., 2010).
Last but not least, the recent identification of functional
M-channels in keratinocytes and their contribution to ATP re-
lease may additionally explain some of the sensitization of cam-
phor to warming of the skin (Mandadi et al., 2009; Reilly et al.,
2013).

Taken together, combinations of TRPM8 agonists and locally
active M-channel blockers would be a plausible strategy to in-
crease the effectiveness of topical coolants or potentially of
cooling- or TRPM8-agonist-mediated analgesia (Liu et al., 2013).
Our findings may also shed light on mechanisms of cold allo-
dynia where a pathological state of hyperexcitability can be gen-
erated through a block of potassium channels and/or an
enhancement of sodium channels (Roza et al., 2006; Eberhardt et
al., 2012; Vetter et al., 2012; Deuis et al., 2013).
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Pore Helix Domain Is Critical to Camphor Sensitivity of
Transient Receptor Potential Vanilloid 1 Channel

Lenka Marsakova, M.S.,* Filip Touska, M.S.,* Jan Krusek, R.N.Dr., PhD.,†
Viktorie Vlachova, R.N.Dr., Ph.D., D.Sc.‡

ABSTRACT

Background: The recent discovery that camphor activates
and strongly desensitizes the capsaicin-sensitive and noxious
heat-sensitive channel transient receptor potential vanilloid
subfamily member 1 (TRPV1) has provided new insights
and opened up new research paths toward understanding
why this naturally occurring monoterpene is widely used in
human medicine for its local counter-irritant, antipruritic,
and anesthetic properties. However, the molecular basis for
camphor sensitivity remains mostly unknown. The authors
attempt to explore the nature of the activation pathways
evoked by camphor and narrow down a putative interaction
site at TRPV1.
Methods: The authors transiently expressed wild-type or
specifically mutated recombinant TRPV1 channels in hu-
man embryonic kidney cells HEK293T and recorded cation
currents with the whole cell, patch clamp technique. To
monitor changes in the spatial distribution of phosphatidyl-
inositol 4,5-bisphosphate, they used fluorescence resonance
energy transfer measurements from cells transfected with the
fluorescent protein-tagged pleckstrin homology domains of
phospholipase C.
Results: The results revealed that camphormodulates TRPV1
channel through the outer pore helix domain by affecting its
overall gating equilibrium. In addition, camphor, which gener-
ally is known to decrease the fluidity of cell plasmamembranes,

may also regulate the activity of TRPV1 by inducing changes in
the spatial distribution of phosphatidylinositol-4,5-bisphos-
phate on the inner leaflet of the plasma membrane.
Conclusions: The findings of this study provide novel insights
into the structural basis for the modulation of TRPV1 channel
by camphor andmayprovide an explanation for themechanism
by which camphor modulates thermal sensation in vivo.

C AMPHOR is an organic waxy substance used topically
for its counterirritant and analgesic properties.1,2 This

compound is one of a group of naturally occurring monoter-
penes that are known to modulate the activity of various ion
channels3,4 and, particularly, the thermosensitive ion chan-
nels from the transient receptor potential (TRP) channel
family expressed in skin and neural tissues.5–8 The recently
proposed mechanism by which camphor can modulate pain
is through the activation and strong subsequent desensitiza-
tion of the TRP vanilloid subfamily member 1 (TRPV1).7,8

This channel is most abundantly expressed in small-diameter
primary sensory neurons, where it functions as a receptor for
capsaicin and as a transducer of noxious thermal stimuli
(more than 43°C).9–11 In addition to a range of vanilloids
that bind to the receptor at the same site as capsaicin, such as
olvanil, piperine, arvanil, resiniferatoxin, and various endog-
enous substances produced during inflammatory processes
(reviewed by Starowicz et al.12), TRPV1 can be modulated
by protons (pH less than 6.8), which directly activate and
potentiate the channel from the extracellular side13–15; tem-
peratures greater than 43°C9; and strongly depolarizing volt-
ages (V50 � �150 mV).16,17 Camphor acts as a partial ago-
nist of TRPV1 but has a much lower potency (EC50 �3
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What We Already Know about This Topic

• Transient receptor potential vanilloid (TRPV) channels are key
participants in thermal and inflammatory pain

• The molecular mechanism by which the analgesic agent cam-
phor activates the TRPV1 channel is unknown

What This Article Tells Us That Is New

• Camphor modulates TRPV1 by altering the short helical seg-
ment within the permeation pore as well as the spatial distri-
bution of lipids on the inner membrane leaflet

• These mechanisms are relevant to modulation by camphor of
TRPV1 and other TRP family members involved in pain and
thermal sensation
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mM) than capsaicin (EC50 � 0.3�M).However, these mill-
imolar concentrations are physiologically relevant because
camphor is used efficiently in various ointments at a propor-
tion of approximately 10% by weight. In addition, its strong
synergy with other TRPV1 modalities could make this com-
pound a powerful ally for the management of various pain
and itch states. Camphor also activates two other mamma-
lian thermosensitive TRP channels, both expressed in pri-
mary afferent neurons or keratinocytes: heat-activated
TRPV318 and cold-activated transient receptor potential
melastatin 8 (TRPM8) channel.6,7 It also inhibits transient
receptor potential ankyrin 1 (TRPA1) channel, another
cold-sensitive member of the TRP channel family.8 Thus,
given that camphor recently has been shown to activate an
insect isoform of TRPA1,19 it is likely that the molecular
determinants by which thermosensitive TRP channels sense
camphor are evolutionarily conserved.

Camphor potentiates heat-evoked responses and shifts
the voltage-dependence of TRPV1 activation to more nega-
tive voltages.8 Although strong evidence points toward cam-
phor binding directly to the TRPV1 receptor,8 the activation
mechanism has not been identified. Camphor activates
TRPV1 independently of the vanilloid-binding site (the
S2-S4 binding module) and desensitizes the channel more
rapidly and completely than does capsaicin.8 In a striking
contrast to capsaicin, the camphor-mediated desensitization
appears to be independent of the presence of external
Ca2�.8,20 Another important aspect of TRPV1 activation is
the apparent weak ability of camphor to alter dynamically
TRPV1 permeability to large cations.20 Upon capsaicin
stimulation, the channel undergoes pore dilation, in which
its selectivity for large cations over sodium ions is increased.
It has been proposed that, upon activation, camphor may
preclude or mask conformational events that change the se-
lectivity filter of the channel. This is in contrast to capsaicin,
which induces a concentration-, time-, and Ca2�-dependent
functional increase in TRPV1 pore diameter.

Because understanding the principal differences in the
properties of capsaicin- and camphor-dependent activation
and desensitization could aid in the understanding of the
underlying mechanisms, we set out to compare the effects of
camphor and capsaicin on the activity of TRPV1. We iden-
tify structural elements in the TRPV1 protein that are critical
for camphor agonism and demonstrate important aspects in
the way camphor might interact with TRPV1.

Materials and Methods

Expression and Constructs
HEK293T cells (American Tissue Cell Collection, Rock-
ville, MD) were cultured in OPTI-MEM I medium (Life
Technologies; Darmstadt, Germany) supplemented with
5% fetal calf serum as described previously.21,22 Cells were
cotransfected transiently with 300–400 ng complementary
DNA plasmid encoding wild-type or mutant rat TRPV1 and
with 200 ng green fluorescent protein plasmid (TaKaRa;

Tokyo, Japan) per 1.6-mm dish using the magnet-assisted
transfection (IBA; Göttingen, Germany) method. Standard
molecular biologic techniques were as described.23 The chi-
meric (�15-TRPV1: Y627-C634) and the deletion (�15-
TRPV1) constructs of TRPV1 were provided by Feng Qin
(PhD., Associate Professor, Department of Physiology and
Biophysics, State University ofNewYork at Buffalo, Buffalo,
New York). For fluorescence resonance energy transfer
(FRET) measurements, HEK293T cells were transfected
with cyan (CFP)- and yellow fluorescent protein (YFP)-
tagged pleckstrin homology (PH) domains of PLC�1 (pro-
vided by Tamas Balla, D.Sc., Senior Investigator, Section
Molecular & Signal Transduction, National Institute of
Child Health & Human Development, National Institutes
of Health, Bethesda, Maryland). Cells were used 24–48 h
after transfection. At least four independent transfections
were used for each experimental group. The wild-type chan-
nel was regularly tested in the same batch as the mutants.

Electrophysiology
Standard whole cell electrophysiology techniques were used
as described elsewhere.23 Experiments were performed at
room temperature (23°–25°C). Only one recording was per-
formed on any one coverslip of cells to ensure that recordings
were made from cells not previously exposed to chemical
stimuli. A system for rapid superfusion of the cultured cells
was used for drug application.24 The extracellular control
solution contained: 160 mM NaCl, 2.5 mM KCl, 1 mM
CaCl2, 2 mM MgCl2, 10 mM HEPES, 10 mM glucose;
adjusted to pH 7.3 and 320 mOsm. In whole cell, patch
clamp experiments, the pipette/intracellular solution con-
tained: 125 mMCs-gluconate, 15 mMCsCl, 5 mM EGTA,
10 mM HEPES, 0.5 mM CaCl2, 2 mM Mg-adenosine
triphosphate; pH 7.3, 286 mOsm. In experiments with di-
octanoyl-phosphatidylinositol-4,5-bisphosphate (DiC8-PIP2),
adenosine triphosphate- and Mg2�-free intracellular solution
wasused.Camphor ((1R)-(�)-Camphor, (�)-Camphor, (1R)-1,
7,7-Trimethylbicyclo[2.2.1]heptan-2-one) solution was pre-
pared from a 1-M stock solution in dimethyl sulfoxide stored
at �20°C. All chemicals were purchased from Sigma–Al-
drich (Prague, Czech Republic).

FRET Measurements
For FRET measurements, we used the CellˆR imaging sys-
tem based on an Olympus IX-81 inverted microscope
(Olympus, Tokyo, Japan) equipped with a dual-emission
setup (Dual-View Optical Insights, LLC; Santa Fe, NM).
The excitation wavelength was 436 nm, and emission was
detected in parallel at 470 and 535 nm. The excitation light
was generated with a Polychrome V polychromator (Till
Photonics, Gräfelfing, Germany), and the fluorescence emis-
sion was detected with a Hamamatsu Orca-ER camera
(Hamamatsu Photonics, Hamamatsu City, Japan). Data
were collected using CellˆR software (Olympus), and the
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fluorescence analysis was done using the program ImageJ
(National Institutes of Health, Bethesda, MD).

Automated Ligand Docking
The homologymodels of the rat25 and human26 TRPV1 chan-
nels were used for automated ligand docking. To perform the
molecular docking calculations, we used AutoDock Vina soft-
ware 1.0.2,27 and the input files for both protein and ligand
were prepared using AutoDock Tools version 4.228 (The
Scripps Research Institute, La Jolla, CA). Docking was per-
formed by using a grid box 70 � 70 � 70 Å on each protein
subunit or by using a grid box 110 � 110 � 80 Å centered on
entire tetramer. Polar hydrogen atoms were added to the
protein, andGasteiger partial charges were calculated using Au-
toDock Tools. Each docking consisted of 30 runs using the
default AutoDockVina parameters, except the options formax-
imum number of binding modes20 and an exhaustiveness (ac-
curacy) option of 16. In AutoDock Vina, two variants of root-
mean-square deviation (RMSD) metrics are provided: RMSD
lower bound (matches each atom inone conformation [c1]with
the closest atom of the same element type in the other [c2]
conformation: max [RMSD(c1, c2), RMSD(c2, c1)]) and
RMSD upper bound (matches each atom in one conformation
with itself in the other conformation, ignoring any symmetry).
Based on the affinities, ranging from less than 2 Å for the lower
bound RMSD and less than 3 Å for the upper bound RSMD,
two distinct low-energy binding modes were identified.

Statistical Analysis
All data were analyzed using pCLAMP 10 (Molecular De-
vices GmbH, Ismaning, Germany), and curve fitting and
statistical analyses were done in SigmaPlot 10 and SigmaStat
3.5 (Systat Software Inc., Chicago, IL). Significance levels
were determined by a two-tailed Student independent t test.
Data comparisons of three or more groups were performed
by one-way ANOVA followed by Dunnett’s post hoc com-
parison. Correlations were determined with the Spearman
rank order correlation test. Differences were considered sig-
nificant at P � 0.05, unless stated otherwise. Conductance-
voltage (G-V) relationships were obtained from steady-state
whole cell currents measured at the end of voltage steps from
�80 to �200 mV in increments of �20 mV. Exponential
current decays were fitted using the Chebyshev algorithm in
pCLAMP 10 software (Molecular Devices, Sunnyvale, CA).
All results are presented as mean � SD.

Results

Camphor-induced Currents Exhibit Fast Kinetics, and Its
Potentiating Effects Are Readily Reversible
The activation properties of TRPV1 channels in response to
camphor were first examined by recording whole cell cur-
rents evoked by camphor at concentrations from 1mM to 10
mM. As was reported in a previous study,8 camphor acti-
vated TRPV1 in a dose-dependent manner, with apparent

EC50 values of approximately 5 mM at �70 mV (fig. 1),
reaching a peak of 23 � 22% and 71 � 22% of the maximal
response to 10�Mcapsaicin whenmeasured at�70mV and
�70 mV, respectively (n 	 4). We found that the inward
currents elicited by 10mMcamphor exhibited acute irrevers-
ible desensitization within 15 s of exposure, with a half decay
time (T50) of 3.7 � 1.6 s at �70 mV (n 	 27) and 2.5 �
1.0 s at �40 mV (n 	 3; P 	 0.198). The extent of acute
desensitization was independent of the peak amplitude
(145 � 66 pA/pF) for inward currents evoked by 10 mM
camphor (P 	 0.76; r 	 �0.08; n 	 17; Spearman rank
order correlation). This is in contrast to capsaicin-induced
acute desensitization, which depends on Ca2� influx and is
dependent on current size, with large currents exhibiting

A B

C D

Fig. 1. Camphor-induced currents in human embryonic kid-
ney 293T cells expressing transient receptor potential vanil-
loid 1 (TRPV1) channel. Representative whole cell current
responses elicited by two 10-s applications of 10 mM cam-
phor measured at �70 mV. The interval between camphor
applications was 30 s. Bars above the records indicate the
duration of camphor application. Dashed lines indicate zero
current level. The activation of TRPV1 channels by camphor
induced a transient current artifact during the onset phase
of the response (arrow), likely caused by a kinetic component
of the activation process faster than the solution exchange of
the system (�130 ms) (A). Extent of camphor-induced de-
sensitization (measured as a half-decay time, T50) is indepen-
dent of maximal peak amplitude (P 	 0.76; r 	 �0.08; n 	 17)
(B). Currents induced by voltage ramps from �100 to �100
mV, applied for 400 ms every 4 s at increasing camphor
concentrations 1, 3, and 10 mM. Each circle represents the
current amplitude at �70 mV (white circles) and �70 mV
(black circles) (C). Average data from five experiments as in C
indicates the half-maximal effective concentration of cam-
phor is approximately 3–5 mM (D).
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more pronounced desensitization.29,30 The onset rates of
camphor activation were characterized by a 10–90% rise-
time of 1.7 � 1.0 s, and the deactivation currents after the
removal of 10 mM camphor exhibited a time constant of
230 � 92 ms (n 	 26). Initial responses to 10 mM camphor
frequently exhibited a rapid onset followed by a subsequent
hump (see fig. 1A), presumably reflecting a kinetic compo-
nent of the activation process faster than the solution ex-
change of the system (�130 ms).

The efficacy of camphor dramatically increases if other
modalities, such as heat or proalgesic agents, act on the
TRPV1 channel synergistically.8 To further explore to what
extent distinct activation pathways synergize to promote
TRPV1 channel opening, camphor was applied while
TRPV1 was activated by capsaicin, heat, or voltage. In the

presence of 1–10 �M capsaicin, camphor potentiated
TRPV1 in an activation-dependent manner, being more ef-
fective on the opened than the resting state of the channel.
Figure 2 illustrates that camphor, in combination with cap-
saicin, repeatedly potentiated TRPV1 channels, and this poten-
tiation reached the maximum activation capacity of the capsai-
cin-occupied form but not of the closed (fig. 2A, i) or
camphor-occupied (fig. 2D) form of the channels. At lower
camphor concentrations (5 mM), such responses underwent
a reversible acute desensitization within 10 s of exposure (fig.
2A, e, f), which might indicate that the camphor-dependent
desensitization mechanism is functionally preserved. In ad-
dition, we found that the channels that previously had been
almost fully desensitized by camphor and/or capsaicin could
be repetitively potentiated to their close-to-maximum acti-

A

B

E F

C D

Fig. 2. Camphor-induced potentiation of capsaicin responses in transient receptor potential vanilloid 1 (TRPV1) channel.
Sample recording of whole cell current responses to consecutive applications of capsaicin (1 �M), camphor (5 mM), their
combination, and capsaicin 10 �M in TRPV1-expressing HEK293T cell. Horizontal bars indicate the duration of capsaicin (white
bars) and camphor (black bars) application. Dashed lines indicate zero current level. Holding potential �70 mV. Camphor, in
combination with capsaicin, repeatedly potentiates TRPV1 channels to their maximal activation capacity (b, e, f, h). This
camphor-induced potentiation is state-dependent, being more effective on the capsaicin-occupied form than the closed
(compare h with. i) form of the channels. In parallel, inward currents generally underwent tachyphylaxis, giving smaller response
on repeated applications (e, f) (A). Representative recording from another cell demonstrating that camphor-induced potentiation
has rapid onset and offset kinetics (B, C). In camphor-pretreated cells, maximal potentiation is less than in cells treated with
capsaicin. The interval between two stimuli was 30 s (D). Activation and desensitization of TRPV1 channels by 10 mM camphor
does not affect subsequent response evoked by 1 �M capsaicin (E). Maximal activation by camphor reached only approxi-
mately 30% of maximal response to 10 �M capsaicin when measured at �70 mV. Note that camphor had a partial blocking
effect on capsaicin-evoked currents (the boxed region is enlarged in the inset) (F).
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vation capacity by a combination of capsaicin with 5 or 10
mM camphor (fig. 2, A–D). Again, the onset rates of the
camphor-mediated potentiation were fast, with a 10–90%
rise-time of 0.8 � 0.8 s (n 	 7), and a deactivation time
constant of 0.35 � 0.19 s, apparently being limited by the
solution exchange time. Camphor dramatically intensifies
the tachyphylaxis of TRPV1 responses to capsaicin and low
pH.8 However, what we found was that 10 mM camphor
applied for 10–15 s did not have any impact on the subse-
quent response induced by 1 �Mcapsaicin 30 s later because
this response was of maximal amplitude, as can be inferred
from that induced by 10 �M capsaicin an additional 30 s
later (fig. 2E). Thermal stimuli and depolarizing voltages also
strongly potentiated camphor-evoked currents (fig. 3), as has
been reported previously.8 In addition, we observed that
camphor shifted the threshold for heat activation (from
42.1 � 0.9°C to 31.5 � 5.4°C; n 	 5; fig. 3A), and increas-
ing the temperature above 42°C speeded up camphor-medi-
ated acute desensitization (fig. 3B).

The results from these experiments suggest that long-
lasting camphor-induced conformational changes are not
propagated to the capsaicin activation pathway. The fast ki-
netics of the camphor-dependent activation and deactiva-
tion, and almost complete repeatability of the camphor-me-
diated potentiation of capsaicin responses support the
hypothesis that camphor activates TRPV1 independently of
the capsaicin binding/gating motif most likely by directly
acting on the channel protein.

The Outer Pore Region Is Involved in Camphor-mediated
Effects
The putative camphor-interacting site has been shown to lie
outside the transmembrane 2–4 region (capsaicin binding
module), so the outer pore region between transmembrane
domains 5 and 6 appears to be one of the likely candidates.8

This region plays a general role in TRPV1 channel gating31

and is also a key regulatory domain important for activation
and potentiation by protons.15,32 We reasoned that if cam-
phor acts on the channel by inducing perturbations in the
outer pore region, then it might occlude the modulatory
effects of protons. Thus, we compared responses to camphor
at pH 6.8 with those measured at pH 7.3. Figures 3D and 3E
illustrate that the whole cell currents elicited by camphor at
pH 6.8 did not exceed the amplitude of the initial control
response to 10 mM camphor obtained at pH 7.3 and did not
alter the time course of tachyphylaxis. This is in contrast to
capsaicin and heat, whose efficacies are strongly increased at
acidic pH, and also in contrast to the potentiating effects of
camphor on other activating stimuli.

We also examined the possibility that camphor acts at the
TRPV1 channel by inducing conformational changes in the
hydrophobic pore helix domain (L630-F640; fig. 4). This
domain critically affects the balance between the open and
closed states of the channel and is essential for low-pH acti-
vation and potentiation but not for capsaicin activation.15,31

A

C

D E

B

Fig. 3. Camphor strongly potentiates heat and voltage re-
sponses in transient receptor potential vanilloid 1 (TRPV1)
channel, but only slightly affects responses induced by low
pH. Camphor-potentiated whole cell currents evoked by tem-
perature ramps (final temperature 42°-45°C, holding potential
�70 mV). The upper row of records shows the temperatures
of superfusing solutions measured by a thermocouple in-
serted into the shared outlet capillary of the drug application
system. Dashed lines represent zero current level. Camphor
was present for 5 s before the temperature ramp was applied
(A). Heat-induced potentiation and desensitization of cam-
phor-evoked currents (B). Effect of camphor on voltage-de-
pendent activation of TRPV1 (C: a, b). Currents were elicited
by voltage steps from �80 to �200 mV, increments 20 mV
(protocol shown in a). Current-voltage relationships con-
structed from steady-state currents obtained in extracellular
control solution (filled symbols) and in the presence of cam-
phor (closed symbols) for the cell shown in b (C: c). The peak
amplitudes of the whole cell currents elicited by 10 mM
camphor at pH 6.8 did not exceed the amplitude of the
initial control response to camphor obtained at pH 7.3 and
did not alter the time course of tachyphylaxis. This is in
contrast to the potentiating effects of camphor on other
activating stimuli (shown in A, B, and C). Holding potential
�70 mV (D). Amplitudes of the maximum peak inward
currents induced by three subsequent applications of 10
mM camphor at �70 mV. Summary data from six control
cells exposed to three applications of camphor at pH 7.3
(open symbols) and from six independent experiments like
that in D (filled symbols) (E).
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Within the pore helix, a single residue, T633, is crucial for
direct activation by acidic pH.15 We found that camphor-
evoked currents through the T633A mutant were statistically
significantly smaller than those induced in wild-type channels
(fig. 4, A–C), reaching a peak of only 6.1 � 3.2% of the maxi-
mal response to 10 �M capsaicin when measured at �70 mV
(n 	 7). The camphor responses were transient, exhibiting a
more rapid andpronounced acute desensitization than thewild-
type channel (T50 of 2.2 � 1.3 s, n 	 11; P 	 0.008).

The results from these experiments identified T633 as a
residue involved in camphor activation and suggest that the
activation pathways are partly shared between camphor and
protons. In an attempt to narrow the critical region for cam-
phor modulation, we tested camphor sensitivity in a TRPV1
chimera (�15-TRPV1: Y627-C634) that lacked the stretch
of 15 nonconserved residues between the turret and selectiv-
ity filter (T612-S626) and in which the pore helix (Y627-
C634) was replaced with the counterpart from TRPV2, a cam-

A

D
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Fig. 4. The pore-helix domain plays a critical role in camphor sensitivity of transient receptor potential vanilloid 1 (TRPV1)
channel. Alignment of the pore-helix domain (627–640) for three distinct rat TRPV channels. An asterisk shows the amino acids
inside the pore-helix domain at position 633 (A, a). Alanine substitution of pore-helix threonine 633 (T633A) caused significant
reduction in camphor-evoked responsiveness (A, b). Quantification of maximal peak current density at �70 mV for camphor-
evoked currents in wild type (WT) and in T633A mutant (B). Currents evoked by 10 mM camphor (CMP10) for wild type, T633A
mutant, and V538L mutant of rat TRPV1, and for human TRPV1 (hTRPV1), relative to maximal responses to 10 �M capsaicin
(CAPS10), assessed as ratio CMP10/CAPS10 (C). In B and C data represent mean � SD. Number of cells is in parentheses.
T633A mutant (squares), but not the TRPV1-�15:Y627-C634 chimera (circles), could be activated by depolarizing voltages. The
TRPV1 chimera (�15-TRPV1: Y627-C634) lacked the stretch of 15 nonconserved residues between the turret and selectivity
filter (T612-S626), and the pore helix (Y627-C634) was replaced with the counterpart from TRPV2, a camphor-insensitive
homolog. Conductance-voltage (G-V) relationships were obtained from steady-state whole cell currents measured at the end
of voltage steps from �80 to �200 mV in increments of �20 mV (D). TRPV1 chimera (�15:Y627-C634) is completely insensitive
to camphor. Camphor neither induced any detectable currents nor potentiated its capsaicin-evoked responses. This construct
was reported previously to uncouple proton activation from other TRPV1 activation stimuli and exhibit a slow onset and
offset of capsaicin responses (E). Control deletion mutant of TRPV1 that lacked 15 nonconserved residues between
T612-S626 (situated before the pore helix) responded to camphor normally (F). Camphor activates very poorly human
TRPV1. The capsaicin-induced desensitized currents are still potentiated by camphor (G). Camphor (CMP) induced
potentiation of heat-induced currents in wild-type and N628G mutant of TRPV1. The heat-evoked currents in N628G were
significantly smaller and less potentiated by 10 mM camphor. Data represent mean � SD from four wild-type and for five
mutant-expressing cells (H).
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phor-insensitive homolog. As described previously,15 this
construct exhibited amarkedly slower onset and offset of capsa-
icin responses. We found that, in contrast to T633A, the pore-
helix chimera was completely insensitive to depolarizing volt-
ages to�200mV (fig. 4D).Most importantly, in this chimera,
10 mM camphor neither induced measurable currents nor po-
tentiated capsaicin-induced currents (fig. 4E). The control de-
letion mutant with a minimal pore lacking the 15-residue
stretch had the same sensitivity to camphor as the wild type (fig.
4F). These results strongly indicate that the pore helix mediates
the camphor sensitivity of TRPV1.

The proton activation of TRPV1 involves several other
sites, including the S3-S4 linker outside the pore domain,
and this region is critical for additional stimulation of fully
liganded human but not rat TRPV1 channel by protons.32

In addition, specific mutation V538L in rat TRPV1 has been
shown previously to abrogate the proton-evoked currents
while preserving capsaicin and heat responses and their po-
tentiation bymildly acidic pH.15 To explore the extent of the
overlapping of the activation pathways between camphor
and low pH, we also tested the sensitivity to camphor in the
human TRPV1 ortholog and in the mutant of rat TRPV1
V538L. We found that human TRPV1 responds poorly to
10 mM camphor (fig. 4G), inducing only 1.3 � 1.5% of the
peak currents induced by 10 �M capsaicin (n 	 9). The
capsaicin-induced desensitized currents were still robustly
potentiated by camphor, which is in apparent contrast with
observations made on the chimera �15-TRPV1: Y627-
C634. The V538L mutant exhibited wild-type sensitivity to
camphor, inducing 27 � 16% of the peak current ampli-
tudes induced by 10 �M capsaicin (n 	 6; average data
shown in fig. 4C). Together, these results indicate that the
camphor and proton activation pathways do not overlap
completely and suggest the existence of significant species
difference with respect to camphor sensitivity.

Recovery Mutations Are Not Sufficient to Improve
Camphor Sensitivity
Camphor acts as a full agonist of the TRPV3 channel, whose
pore helix differs in only four residues from TRPV2 and in
six residues from TRPV1 (fig. 4A). Thus, we were curious to
know whether the TRPV1-to-TRPV3 mutations at the
structurally most dissimilar residues of this region, N628G
and L630F, might enhance the sensitivity to camphor in
TRPV1. TheN628Gmutant could be activated normally by
10 mM camphor, just like the wild type; however, it exhib-
ited statistically significantly smaller heat-induced responses,
which was expected based on the proposed specific role of
this residue in the heat-dependent gating of TRPV1.33–34

The currents evoked by heat were only mildly potentiated by
camphor (fig. 4H). The second mutant, L630F, was normal
in all aspects of TRPV1 activation. Next, we measured re-
sponses to camphor for two recovery mutations of the chi-
meric channel, D632S and Y631L. Both recovery mutants
resembled the chimeric phenotype (data not shown). Thus,

the data from these experiments indicate that the pore helix
plays a key role in transducing the camphor signal to gate
opening and that mutations in this specific region selectively
uncouple camphor activation. T633 seems to play an impor-
tant part in this process, similar to that previously reported
for the de novo proton activation mechanism.15

Camphor Increases FRET between the CFP- and YFP-
tagged PH Domains
The selective loss of camphor sensitivity in the pore-helix chi-
mera and the reversible and fast kinetics of camphormodulation
appear to be consistent with a direct effect of camphor on
TRPV1, rather than a secondary effect through a membrane-
delimited signaling process. However, given the substantial li-
pophilicity of camphor and its ability to partition into mem-
branes, we cannot exclude the possibility that camphor
activation pathway is initiated through a “nonspecific” effect on
the plasma membrane. Among these effects, a decrease in the
phosphatidylinositol-4,5-bisphosphate (PIP2) concentrationon
the inner leaflet of the plasma membrane might underlie the
long-lasting desensitization of the TRPV1 channel due to ago-
nist-induced calcium influx.35,36 On the other hand, increases
in local PIP2 might potentiate or directly activate the channel.
Thus, as a next step, we attempted to explore the general effects
of camphor on membrane-associated events that might be re-
lated to the activation of TRPV1.

Calcium influx through TRPV1 channels activates Ca2�-
dependent isoforms of phospholipase C (PLC) that catalyzes
the hydrolysis of membrane-bound PIP2 to two second mes-
sengers: inositol triphosphate and diacylglycerol.37 These
changes can be detected in real time by FRET between the
fluorescent protein-tagged PLC PH domains (PLC�1PH-
CFP and PLC�1PH-YFP), whose translocation into the
cytosol reflects increased PLC activation and PIP2 hydroly-
sis.38–42 To examine the effects of camphor on the PLC-
dependent cascades, HEK293T cells were first transiently
transfected with PLC�1PH-CFP and PLC�1PH-YFP at a
molar ratio of 1:1, and assayed for FRET by simultane-
ously monitoring the emission of CFP (475 � 15 nm) and
YFP (530 � 20 nm) while exciting CFP at 425 � 5 nm.
Upon adding camphor, the donor (CFP) emission inten-
sity statistically significantly decreased, whereas the accep-
tor (YFP) emission increased (fig. 5). This effect was con-
centration-dependent, rapidly reversible on return to
extracellular control solution, and was not observed upon
stimulation with either dimethyl sulfoxide (1%), capsai-
cin (1 �M or 10 �M; fig. 5C), or hypertonic solution (to
410 mOsm, adjusted with sucrose; fig. 5D).

Because several effects may contribute to changes in the
fluorescent properties of PLC�1PH chimeric proteins (e.g.,
concentration changes or hydrophobicity), we also explored
the effects of capsaicin and camphor on cells that were trans-
fected with either PLC�1PH-CFP or PLC�1PH-YFP alone
(fig. 5, E and F). Upon capsaicin or camphor stimulation,
only a small decrease in fluorescence (less than � 0.8%) was
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observed in the PLC�1PH-YFP–expressing cells. This effect
resembles the changes induced by bradykinin in N1E-115
neuroblastoma cells reported by van der Wal et al.40 and
could be explained analogously by the alterations in the local
microenvironment influencing the spectral properties of the
fluorescent proteins.

Activation of TRPV1 Increases Camphor-induced Effects
on FRET between Tagged PH Domains
As an additional step to analyze the camphor-induced changes
in PIP2-related processes, HEK293T cells were cotransfected to
express rat TRPV1 together with PLC�1PH-CFP and

PLC�1PH-YFP (fig. 6). In these cells, we again observed a sta-
tistically significant increase in theFRET signal upon15–20 s of
exposure to 10mMcamphor and a slower and delayed decrease
in FRET in response to 1 �M or 10 �M capsaicin (fig. 6A, c).
This latter, slower process exhibited a time course correspond-
ing to the TRPV1-mediated, Ca2�-dependent hydrolysis of
PIP2 and was followed by a slow and incomplete recovery upon
washing, most likely corresponding to the replenishment of
PIP2 levels through the action of phosphatidylinositol phos-
phate kinases.35,36,43 In contrast, the camphor-induced in-
creases in FRET, which were found to be independent of
TRPV1, were rapidly reversible upon washout (�off 	 0.5 �

A B

C D

E F

Fig. 5. Camphor-induced changes in fluorescence resonance energy transfer (FRET) between cyan fluorescent protein (CFP)-
and yellow fluorescent protein (YFP)-tagged pleckstrin homology (PH) domains of phospholipase C �1. Kinetics of changes in
CFP fluorescence (FCFP axis, trace a) and corrected YFP fluorescence emission (FYFP axis, trace b) induced by camphor applied
at increasing concentrations in representative single live human embryonic kidney 293T cell transfected with CFP- and
YFP-tagged PH domains of phospholipase C�1. The cells were illuminated at 436 nm (56 ms) and recorded at 470 and 535 nm
every 300 ms (A). Camphor-induced increases in FRET ratio, assessed as ratio of FYFP over FCFP (B). Camphor, but neither
dimethyl sulfoxide (DMSO) nor capsaicin, influences intensity of FRET (C). FRET ratio is not affected by increases in extracellular
osmolality to 367 or 410 mOsm (adjusted with sucrose), corresponding to 3 and 10 mM camphor, respectively (D). Camphor
and capsaicin have no significant effects on CFP or YFP fluorescence signals. The time course of CFP fluorescence intensity
recorded from representative human embryonic kidney 293T cell transfected with CFP-tagged PH domain of phospholipase
C�1. The cell was illuminated at 436 nm (56 ms) and recorded at 470 nm every 300 ms (E). The time course of YFP fluorescence
intensity recorded from cell transfected with YFP-tagged PH domain of phospholipase C�1. Fluorescence of YFP was slightly
and reversibly decreased by camphor (F).
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0.4 s; n 	 16), indicating that the PLC-mediated hydrolysis of
PIP2 is unlikely tobe involved.Moreover, the camphor-induced
increase inFRETwasmorepronounced after capsaicin-induced
PIP2 depletion, as is demonstrated in the representative record-
ing (fig. 6B, a and b), inwhichwe concurrentlymeasuredwhole
cell inward currents and FRET signals from a HEK293T cell
expressing tagged PH domains together with TRPV1.

Inhibition of PLC Is Not Likely to Be the Mechanism
Underlying the Modulation of TRPV1 by Camphor
Our results described here could be explained if the effective
distances between the tagged fluorophoresmarkedly decrease
upon the exposure of HEK293T cells to camphor, appar-
ently independently of the presence of TRPV1. The cam-
phor-induced increase in the FRET signal might reflect
changes in the molecular proximity of the membrane-bound
PH domains. Another explanation, although less probable
and not mutually exclusive, is that camphor reversibly inhib-
its the basal activity of PLC, which temporarily increases the
concentration of PIP2 and decreases the cytosolic transloca-
tion of PH domains. To examine this latter (less likely) pos-
sibility, we tested the effects of the PLC inhibitor U73122
(1-[6-[((17�)-3-Methoxyestra-1,3,5[10]-trien-17-yl)amino ]
hexyl]-1H-pyrrole-2,5-dione) on camphor-induced changes

in the FRET signal in HEK293T cells transiently transfected
with PLC�1PH-CFP and PLC�1PH-YFP. U73122 is a
widely used inhibitor of PLC that, upon prolonged exposure,
exhibits several side effects attributable to alkylation of vari-
ous proteins.35,44 For experiments in which the aim is to
prevent the depletion of PIP2, these side effects can be min-
imized by a brief pretreatment with relatively high concen-
tration of U73122, followed by a removal of this com-
pound.35,44 We applied 10 mM camphor and treated the
cells with a 3-�M concentration of U73122 for 1–2 min,
followed by a wash of 1–2 min. Camphor was then applied
again.We observed a substantial decrease in the FRET signal
in response to U73122, which could not be attributed to the
inhibition of PLC (fig. 7A) but could be explained as a direct
side effect of this compound. More importantly, after pre-
treatment withU73122 (but not with the structurally similar
inactive analog U73343; 1-[6-[((17�)-3-Methoxyestra-
1,3,5[10]-trien-17-yl)amino]hexyl]-2,5-pyrrolidinedione;
fig. 7, B and C), camphor increased the FRET ratio signal by
a factor of 1.8� 0.7 (n	 11; P� 0.005) compared with the
initial camphor response, indicating that the inhibition of
PLC intensifies the camphor-induced changes in the effec-
tive distances between CFP and YFP. However, this effect
did not appear to be related to TRPV1 responsiveness be-

Fig. 6. Comparison of responses to camphor and capsaicin in human embryonic kidney (HEK) 293T cells expressing transient
receptor potential vanilloid 1 (TRPV1) channel. Representative images for fluorescence resonance energy transfer (FRET) ratio
between CFP- (row a) and YFP- (row b) tagged pleckstrin homology (PH) domains of phospholipase C�1 (PLC�1) collected at
points when control solution (30 s), camphor (48 s), and capsaicin (135 s) were applied to two HEK293T cells coexpressing
TRPV1. Trace c, the time course of corrected FRET ratio, assessed as the ratio of fluorescence intensities (FYFP/FCFP).
Horizontal bars indicate the duration of the indicated drug applications (A). Concurrent recordings of whole cell, patch clamp
responses (a) and changes in FRET ratio (b). The current trace (a) induced by camphor and capsaicin applied in single live
human embryonic kidney 293T cell transfected with TRPV1 and with CFP- and YFP-tagged PH domains of PLC�1. The trace
b shows the concurrent recording of changes in FRET ratio. Note the extent to which camphor temporarily recovers the FRET
ratio that had been decreased previously by phosphatidylinositol 4,5-bisphosphate depletion as a consequence of TRPV1
activation by 1 �M capsaicin (B).
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cause U73122 (at 3 �M applied using an identical protocol)
did not influence the inward currents induced by camphor in
TRPV1-HEK293T cells, but it did reduce the capsaicin-
induced acute desensitization in these cells (data not shown).
Although the relevance of these findings to TRPV1 activity
remains to be determined, our experiments clearly show that
camphor is able to dynamically affect vital processes at the
inner leaflet of the plasma membrane.

It recently has been shown that PIP2 potentiates TRPV1,
and its depletion leads to channel inactivation,35,45,46 so we
investigated whether camphor-mediated effects on TRPV1
might be linked to changes in the local concentration of the
plasma membrane PIP2. We examined whether replenishing
the membrane with PIP2 would affect the responsiveness of
TRPV1 to camphor. We included 25 �MDiC8-PIP2 in the
whole cell patch pipette and measured the inward currents
induced either by 10 mM camphor (n 	 4) or by a combi-
nation of 10 mM camphor with 10 �M capsaicin (n 	 3)
before and after 3 min of intracellular dialysis with diC8-
PIP2. Representative recordings shown in figure 7D–F dem-

onstrate that there was no difference between dialyzed and
nondialyzed cells (n 	 6) in the time course of responses.
There were also no statistically significant differences in cam-
phor sensitivity in the truncated construct of TRPV1 that
lacked the last 42 amino acid residues at the distal C terminal
tail (data not shown). This sensitizing mutation has been
proposed previously to be attributable to a disruption to the
direct interaction of TRPV1 with PIP2.

47 However, later
studies cast doubt on this initial hypothesis and attributed
the potentiating effects of the C-terminal truncation to a
disrupted interaction of TRPV1 with the scaffolding protein
AKAP79/150 (A-kinase anchoring protein 79 is the human
ortholog; AKAP150 is the rodent ortholog). This anchoring
protein mediates protein-kinase-C-dependent phosphoryla-
tion of TRPV1 at the two key phosphorylation sites S502
and S800.48,49 It also has been shown recently that PIP2
degradation increases AKAP79/150 association with
TRPV1, positively modulating receptor/channel activity.50

We reasoned that if phosphorylation sites required for
TRPV1 modulation were mutated, changes in the respon-

A

D E F

B C

Fig. 7. Inhibition of phospholipase C affects camphor-induced increase in fluorescence resonance energy transfer (FRET)
intensity in human embryonic kidney 293T cells expressing cyan fluorescent protein (CFP)- and yellow fluorescent protein
(YFP)-tagged pleckstrin homology domains. Time courses of changes in FRET ratio (assessed as the ratio of YFP fluorescence
over CFP fluorescence; FYFP/FCFP) induced by 10 mM camphor before and after 90 s perfusion of phospholipase C inhibitor
U73122 (1-[6-[((17�)-3-Methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-1H-pyrrole-2,5-dione) (A) or its inactive analog U73343
(1-[6-[((17�)-3-Methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-2,5-pyrrolidinedione) (B). U73122, but not U73343, intensifies
camphor-evoked increase in FRET ratio (C). Representative whole cell recordings from cell expressing TRPV1 held at �70 mV.
Currents were elicited by a combination of 10 �M capsaicin and 10 mM camphor (D and E). The pipette solution contained
either standard intracellular solution (D) or adenosine triphosphate- and Mg2�-free intracellular solution with 25 �M dioctanoyl-
phosphatidylinositol-4,5-bisphosphate (DiC8-PIP2) (E). Summary data from six experiments with standard intracellular solution
(white circles) and three experiments with intracellular solution containing DiC8-PIP2 (black circles) (F).
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siveness of TRPV1 to camphor would be indicative of the
changes in local concentration of the plasma membrane
PIP2. Thus, another attempt to correlate our FRET results
with TRPV1 functionality was to assess the camphor sensi-
tivity in the nonphosphorylatable TRPV1 double mutant
S502A/S800A (fig. 8). For this purpose, we measured
currents induced by 1, 3, and 10 mM camphor, and com-
pared the amplitudes measured at �70 mV and at �70
mV with the currents elicited by camphor in the wild-
type. Strikingly, the mutant channels exhibited markedly
increased camphor sensitivity at both negative and positive
membrane potentials compared with the wild-type, suggest-
ing that the interaction of TRPV1 with camphor depends on
the phosphorylation status of the channel.

Discussion
The data presented here indicate that the camphor-activa-
tion pathway in TRPV1 involves the outer pore domain,
particularly T633, a specific residue located in the middle of
the pore helix that is also critical for direct activation of
TRPV1 by protons.15 Replacing T633 with alanine reduced
camphor activation of the channel, while retaining the cap-
saicin responses. The TRPV1 chimera in which the N-ter-
minal portion of the pore helix (Y627-C634) was replaced
with its counterpart from TRPV2 was completely insensitive
to camphor. This construct also lacked the stretch of non-
conserved 15 amino acid residues between the turret and

selectivity filter (T612-S626), and we show here that this
region is not important for camphor sensitivity (fig. 4F), as
has also been shown for other stimuli (capsaicin, protons,15

and heat51). Our findings, together with the previous obser-
vations that the chimeric channel cannot be activated by
protons and exhibits a markedly slower onset and offset of
capsaicin responses,15 extend the proposal that the pore-helix
domain represents a universal gating element common to
various distinct activation modalities.31 The idea that the
pore helix forms a movable barrier to ion flux that, depend-
ing on the protonation state of the channel, ultimately regu-
lates channel opening is also supported by our observation
that the chimeric channel was completely insensitive to de-
polarizing voltages (fig. 4D).

There are several possible mechanisms by which camphor
may activate TRPV1:

(1) Classic ligand-receptor interaction. Given the ability of
camphor to partition into the plasmamembrane, hydro-
phobic/intramembrane interaction sites are likely. How-
ever, our data showing that camphor occludes the poten-
tiating effect of protons are consistent with the idea that
it interacts with the proton-activation pathway directly
(i.e., the channel pore domain from the extracellular
side).15 In addition, the experiments reported here dem-
onstrate that the camphor activation/deactivation kinet-
ics are remarkably fast and the potentiating effects are
readily reversible, indicating a direct and extracellular
site of action. To assess the potential mechanism of cam-
phor interaction at TRPV1 and search for possible bind-
ing sites at TRPV1, we carried out a series of ligand
docking experiments using two previously published ho-
mology models of the rat25 and human26 TRPV1 chan-
nel (fig. 9). Generally, the docking results proposed sev-
eral possible docking sites for camphor: four in rat and
three in human TRPV1. When the binding modes with
affinities ranging from less than 2 Å for the lower bound
RMSDand less than 3Å for the upper boundRMSDwere
taken into further consideration for each predicted binding
site, both orthologs exhibited the best two docking posi-
tions: the first was predicted to be close to the intracellular
part of the lipid-exposed face of transmembrane segments
S1 and S2 (fig. 9A). The main interactions stabilizing the
putative complex between camphor and TRPV1 were
identified at W427, K432 in S1 and F496, F490, R491,
Y487 inS2.The seconddockingposewaspredicted tobe in
the pore loop region, close to the selectivity filter of TRPV1
(fig. 9B). Themain interactions at TRPV1were: L638 and
F639 in the pore helix and L648 in the external linker
between the pore helix and S6. These results increase the
possibility that camphor directly binds TRPV1. In this re-
gard, the existence of an extracellular interaction site is also
supported by our observations that camphor exhibited a
direct blocking effect, as could be seen from the partial
current recovery upon washout (fig. 2A, b and 2F). More
importantly, it has been shown previously that the selectiv-

A B

Fig. 8. Effects of removal of phosphorylation sites S502 and
S800 on the sensitivity of transient receptor potential vanilloid
1 (TRPV1) channel to camphor. Representative whole cell
currents, measured from double mutant TRPV1–S502A/
S800A at �70 mV (black circles) and �70 mV (white circles),
using a protocol similar to that used in Figure 1C. Voltage
ramps were applied for 400 ms every 4 s from �70 mV to
�100 mV, first in extracellular control solution and then in the
presence of camphor applied at increasing concentrations of
1, 3, and 10 mM (A). Average data from five experiments as
in A obtained for S502A/S800A double mutant (black bars)
compared to average data obtained from wild-type TRPV1
(white bars), normalized to maximal currents induced by 10
mM camphor at �70 mV (B).
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ity filter of TRPV1 does not undergo dynamic conforma-
tional changes during camphor activation,20 which further
supports a direct “stabilizing” or “rigidifying” effect on the
outer pore domain, which serves as an allosteric regulatory
site of the channel.31

(2) Another possible way in which camphor could activate
TRPV1 is by membrane receptor-mediated effects. Ac-
tivation might be a consequence of incorporating cam-
phor into the membrane structure, resulting in a change
in its physical properties (e.g., changes in anisotropy or
dipolar organization52) and a subsequent conforma-
tional change of TRPV1. The partial agonism of cam-
phor at TRPV1 indicates that the energetic coupling
from the putative camphor interaction site to the gate is
not strong enough to induce a full response in a resting
channel. Our results indicate that the potentiating ef-
fects of camphor may be related to the changes in the
molecular proximity of PIP2 at the inner leaflet of the
plasma membrane or to the changes in the molecular
distance between PIP2 and the putative PIP2-binding
domain in TRPV1.46 Strikingly, despite the relatively
high concentrations required for activation and potenti-
ation, the effects of camphor were found to be rapidly and
readily reversible, indicating a mechanical, rather than bio-
chemical, linkage to the pore gating machinery. Monoter-
penes have been clearly demonstrated as compounds that
affect general membrane properties such as fluidity, mem-

brane polarity, and the dipolar organization of the recep-
tor’s environment (see Turina et al.52 and Sánchez et al.53).
However, comparedwith other TRPV1 agonists, camphor
has a relatively low lipophilicity (logP value of 2.2) and thus
is expected to exhibit a slow diffusion rate into the cell
membrane.54 Therefore, the effects of camphor at TRPV1
do not appear to be related solely to the physicochemical
properties of this compound. It is conceivable that camphor
may exert a condensation effect on lipids, and whether in-
creasing temperature can counteract the camphor-induced
FRET changes is an interesting subject for future study.

(3) Finally, camphor could act by affecting the interaction of
TRPV1 with a specific regulatory molecule, such as
membrane PIP2,

25,47 AKAP79/150,55 or Pirt.56 We
found that the inclusion of PIP2 in the whole cell patch
pipette does not affect the camphor-mediated potentia-
tion of responses induced by 10 �M capsaicin. This
result may indicate either that the redistribution of PIP2
is not the primary signal for camphor-mediated effects
on TRPV1 or that the affinity of the receptor for PIP2
markedly increases in the presence of camphor: If cam-
phor tightened the receptor-phospholipid interaction,
increasing PIP2 levels should not cause any additional
effects. Camphor has been reported to inhibit the tonic
activity of PLC in HEK293T cells in a TRP-indepen-
dent manner.57 We explored the possibility that if cam-
phor inhibits PLC, it might increase the accessible con-

Fig. 9. Prediction of binding site for camphor and transient receptor potential vanilloid 1 (TRPV1) channel. Representative
conformation of first predicted docking site facing lipid-exposed intracellular part of transmembrane domains 1 (S1) and 2 (S2)
of human TRPV1, taken from most populated cluster of lowest energy docking sites. Main interactions stabilizing the putative
complex between camphor and TRPV1 are W427, K432 in S1 and F496, F490, R491, Y487 in S2. The structural deviation for
this binding mode was 1.513 Å for the lower bound root-mean-square deviation (RMSD) value and 2.592 Å for the upper bound
RMSD. The affinity was �5.6 kcal/mol (A). Second docking site within the selective filter of TRPV1. The main interactions
stabilizing the putative complex between camphor and TRPV1 are: L638 and F639 in the pore-helix domain (P) and L648 in the
external linker between the pore-helix and transmembrane domain 6 (S6). The structural deviation for this binding mode was
0.965 Å for the lower bound RMSD value and 2.529 Å for the upper bound RMSD. The affinity was �4.6 kcal/mol. The docking
experiments are based on the model of human TRPV1.26 Similar docking predictions were obtained with the docking template
based on the homology model of rat TRPV1 (B).25
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centration of PIP2 in the inner leaflet vicinity of the
channel and reduce its activation energy for opening. In
our experiments, camphor increased the FRET signal
between CFP- and YFP-tagged PH domains in cells
treated with the PLC inhibitor U73122 as well as in
TRPV1-expressing cells in which PLC was activated by
capsaicin stimulation. Therefore, the PLC signaling
pathway is not likely to be involved in this camphor-
induced effect. Interestingly, we observed that the acti-
vation of TRPV1 by camphor elicited substantially
smaller Ca2� transients compared with that of 1 �M
capsaicin (�50% of the maximum 340/380 ratio mea-
sured with FURA-2, data not shown), but this Ca2�

influx may still be sufficient to induce changes in the
PLC-dependent cascades.

Previous studies have shown that the TRPV1-mediated
currents induced by a near-threshold concentration of cam-
phor (1.5mM) can bemarkedly potentiated byGq/11 protein
activation.8 Stimulation of the PLC-coupled receptors (mus-
carinicM1 or bradykinin B2) results in the hydrolysis of PIP2
and the activation of protein kinase C. Both these pathways
contribute to the potentiation of responses to low concentra-
tions of capsaicin (�20 nM) and converge at the key phos-
phorylation site Ser502 on TRPV1. These potentiating ef-
fects critically depend on the presence of the scaffolding
protein AKAP79/15050 that forms a signaling complex with
protein kinase C�, protein kinase A, and protein phosphatase
3 (calcineurin), and binds to the C-terminal domain of
TRPV1 (K735-N748).55 We found that the protein kinase
C (and partially protein kinase A) nonphosphorylatable dou-
ble mutant of TRPV1, S502A/S800A, exhibited statistically
significantly higher sensitivity to camphor (fig. 8). This result
indicates that the apparent affinity of TRPV1 to camphor
might depend on the degree of basal sensitization by protein
kinases.49 Our observation that extracellularly applied cam-
phor induced reversible PIP2 redistribution on the inner leaf-
let of the plasma membrane provides a possible mechanistic
explanation; the extent to which camphor modulates the
channel could depend on the degree of its association with
the scaffolding protein that controls the protein kinase A-
and C-mediated phosphorylation of TRPV1.50 In this re-
gard, it is interesting that the two other camphor-activated
TRP channels, TRPV358 and TRPM8,42 are critically regu-
lated by membrane PIP2.

In conclusion, our results provide functional support for the
role of the putative outer pore region in controlling the cam-
phor-dependent gating of the TRPV1 channel. Furthermore,
these results extend the recent proposal that the pore-helix do-
main of TRPV1 represents a universal gating element common
to many activation modalities and raise the hypothesis that the
mechanisms identified here are indicative of domains in which
camphormay interact to gate the channel. Obviously, the over-
lapping characteristics of thermosensitive TRP channels may
help us along the way to understanding the mechanisms by
which camphor modulates the sensation of warmth in humans

and reveal the critical determinants for the indisputable benefi-
cial effects of this natural compound.
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ABSTRACT
Currently available behavioral assays to quantify normal cold sensitivity, cold hypersensitivity and
cold hyperalgesia in mice have betimes created conflicting results in the literature. Some only
capture a limited spectrum of thermal experiences, others are prone to experimenter bias or are not
sensitive enough to detect the contribution of ion channels to cold sensing because in mice smaller
alterations in cold nociception do not manifest as frank behavioral changes. To overcome current
limitations we have designed a novel device that is automated, provides a high degree of freedom,
i.e. thermal choice, and eliminates experimenter bias. The device represents a thermal gradient
assay designed as a circular running track. It allows discerning exploratory behavior from thermal
selection behavior and provides increased accuracy by providing measured values in duplicate and
by removing edge artifacts. Our custom-designed automated offline analysis by a blob detection
algorithm is devoid of movement artifacts, removes light reflection artifacts and provides an
internal quality control parameter which we validated. The assay delivers discrete information on a
large range of parameters extracted from the occupancy of thermally defined zones such as
preference temperature and skew of the distribution. We demonstrate that the assay allows
increasingly accurate phenotyping of thermal sensitivity in transgenic mice by disclosing yet
unrecognized details on the phenotypes of TRPM8-, TRPA1- and TRPM8/A1-deficient mice.
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Introduction

Temperature perception, thermoregulation and
thermoregulatory behavior are evolutionary impor-
tant sensory abilities and exist in all living organ-
isms. In recent years the cellular and molecular
mechanisms of temperature sensing and thermoreg-
ulation were subject of intensive research and have
led to the generation of insightful transgenic mouse
models that lack specific proteins and ion channels,
such as members of the TRP ion channel group
that function as molecular thermometers in sensory
neurons for environmental temperatures from nox-
ious hot to noxious cold.1,2 A major breakthrough
for the molecular understanding of cold sensing
was the identification of the “cold and menthol”
receptor TRPM8,3,4 because characterization of

TRPM8-deficient mice revealed broad cold-sensing
deficits albeit not a complete lack of cold avoid-
ance.5-7 TRPA1 was discovered as a cold transduc-
tion channel with activation in the noxious
temperature range, and as sensor for pungent com-
pounds, environmental irritants and mediators of
inflammatory pain.8-10 Nevertheless, cold sensitivity
of the TRPA1 receptor and its contribution to cold
avoidance in mice was a matter of debate for a
long time, but very recently TRPA1 cold sensitivity
was demonstrated to be an inherent property of
the molecule when the purified and reconstituted
channel was examined in lipid bilayers.11 Yet the
current evidence still does not consolidate a unify-
ing view to which extent TRPA1 contributes to
cold sensing in vivo. Also because mice lacking
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TRPM8 and TRPA1 were shown to have no addi-
tional deficits in cold avoidance in a 2-temperature
choice assay during a 5 minute testing period,
which was so far the only cold avoidance test they
were subjected to.12 In living animals TRPA1 has
been shown to be relevant for cold hypersensitivity
in pathophysiological conditions in the presence of
proinflammatory mediators.13,14 In addition
TRPA1¡/¡ mice exhibit avoidance deficits in the
noxious cold range, when challenged at tempera-
tures close to 0�C on a cold plate assessed in a 5
minute period and a reduction in paw lifting and
shaking duration after acetone cooling15; another
study confirmed these findings also by showing less
nocifensive behavior, reduced number of jumps on
a cold plate (0�C) in a 2 minute period and an
increased flicking latency upon tail immersion in a
¡10�C water-methanol mixture.16 In contrast,
TRPA1¡/¡ didn’t exhibit any alteration in tempera-
ture preference measured with a 2-temperature
choice assay (0–30�C).6,17 Nevertheless our recent
study of an assessment of the brain processing of a
15�C cold temperature stimulus by fMRI in
TRPA1-deficient mice revealed a contribution of
TRPA1 to cold perception at higher temperatures
than estimated earlier. Although this study brought
evidence that TRPA1-carrying fibers are activated
at much higher temperatures than previously
thought, the resulting alterations in perception are
seemingly too small to lead to overt changes in the
commonly used mouse behavioral assays.18

These findings and conclusions highlight the diffi-
culties limiting comprehensive phenotyping of murine
temperature sensing and thermal selection behavior
and the need to examine mouse behavior over longer
periods of time and in more complex experimental
environments than a 2-plate choice assay provides.
Furthermore, the rising number of potential candidate
proteins involved in thermosensitivity1 increase the
need for accurate characterization of thermal selection
behavior under precisely defined experimental condi-
tions because the key evidence sought after when tar-
geting specific proteins in murine molecular pathways
is the identification of a behavioral phenotype leading
to the recognition of the protein’s function in thermo-
sensory systems. Here we introduce an improved ther-
mal gradient assay design that enables more precise,
automated and bias-free assessment of murine ther-
mal preference.

In fact, temperature gradient assays are not
novel; they were first introduced for studies of
autonomic and behavioral thermoregulatory
responses. Designs of plexiglas tubes with sur-
rounding copper coils of variable spacing allowing
the control of ambient temperature in the tube
were used first19,20; and, more complex construc-
tions allowed to house animals in the gradient for
24h periods with simultaneous assessment of core
temperature.21 Later constructions were built to
generate conductive floor temperature gradients to
measure the preferred foot pad temperature in
mice. They contained slots in the floor to prevent
convective temperature gradients.22,23 Our new
design is derived from the conductive floor temper-
ature gradient first introduced and used by Gor-
don.22 However, in contrast to Gordon’s linear
design, which was also employed by Dhaka to phe-
notype thermal preference in TRPM8-deficient
mice,7 we constructed a circular running track to
eliminate border bias with the advantage of dupli-
cate data points for each virtual temperature zone
and superior options for data analysis. To validate
the new design, we put the phenotypes of common
knockout mouse strains lacking the cold transducer
ion channels TRPA1 and TRPM8 and the double
knockout mice to the test. Our results shed more
light on the cold sensing phenotypes of these trans-
genic mice and contribute to the highly discussed
and partially controversial science of cold sensing.

Materials and methods

Thermal gradient apparatus

Our circular assay was assembled in 2 configurations,
small and large. Both configurations consist of a ring-
shaped 1.5 cm thick aluminum disk that provides a
circular running track for the mouse to move freely.
The dimensions of inner and outer ring diameter are
28 cm and 40 cm for the smaller, and 45 cm and
57 cm for the larger assembly. Inner walls of plexiglas
and outer walls of aluminum, both of 12 cm height
with circumferences of 88 and 126 cm or 141 and
179 cm, respectively, confine a circular surface area of
640 cm2 or 960 cm2, respectively, with a width of 6 cm
on which a temperature gradient is equilibrated. The
surface is stained in frosted orange (eloxadized alumi-
num with minimal light reflection) to provide suffi-
cient contrast for mouse detection, but also to allow
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surface temperature control with an infrared camera.
During measurements the running track is uniformly
illuminated and the mouse behavior is videotaped
with a regular CCD camera. The outer walls are made
non-transparent to mask positional cues.

The thermal gradient is constantly equilibrated across
the aluminum disk using 2 feed-back controlled peltier-
based plates (TE Technology, Traverse City, MI, USA) in
combination with a custom-built temperature controller
(Labortechnik Franken, R€othenbach, Germany). To opti-
mize thermal conductivity, the peltier plates are lubricated
with a thin layer of thermoconductive paste and opposite
sides of the aluminum ring are screwed tightly onto the
plates. The stability of the surface temperature gradient is
monitored before each measurement with an infrared
camera (T400 series, FLIR(R) Systems GmbH, Frankfurt,
Germany). Deviations of less than §1 �C were tolerated,
but readjusted.

A transparent lid is labeled to divide the small ring in 15
and the large ring in 22 even-sized and one larger zone.
Each individual zone covers a surface area of 40 cm2 while
the one larger zone covers 80 cm2 and marks the coldest
area. It is required for unambiguous offline analysis of vid-
eotaped behavior with a custom-engineered software
which is described below. The symmetric assembly yields
2 semi-circles of even temperature on opposite sides. Con-
sequently, for each thermal zone measured values are pro-
vided in duplicate and values of each 2 zones of equal
temperature are added; in our assemblies 8 and 12 zones
resulted (Fig. 1).

Automated data analysis: Software detection
algorithm

A software algorithm was written by JL for offline
video analysis. The software consists of a python/
Tkinter-based graphical user interface (GUI) and a
backend which is implemented in C++. The algorithm
detects the position of one mouse in a circular device,
using computer vision. The mouse position is detected
from frame-by-frame analysis and thus does not rely
on movements (differential changes between movie
frames). Initially, a background image is computed by
considering the pixel-by-pixel intensity variations
over time. The movie is split into frames (we used 1
frame per second), and the mouse position is detected
by analyzing the center of mass of the residual
between each frame and the background. The geome-
try of the rings and zones is detected (using Canny

edge detection and Hough transforms), and the mouse
is assigned to a zone in each frame. The result of the
analysis is reported, 1) as the original movie with addi-
tional indications of the detection of the mouse and, 2)
as a .csv indicating the distribution of zones over time
and the number of times that the mouse entered any
zone.

Animal models

Transgenic mice
We used adult na€ıve TRPM8¡/¡ (Dhaka et al., 2007)
which were backcrossed for 5 generation on C57BL/6J

Figure 1. Illustration of the assay design. (A, B) Infrared photo-
graphs with overlaid schematic illustrations of (A) 12 and (B) 8
zone temperature preference assays: top view of the ring-shaped
disc, supplemented with inner and outer boundary where one
mouse can move freely. The ring is divided into 22 (A) or 14 (B)
even-sized plus one large zone. The zone boundaries are marked
on the transparent plexiglas lid. The disk is heated and cooled on
opposite sides to establish a continuous temperature gradient.
The gradient is symmetric and for data analysis each 2 zones of
even temperature on opposite sides are summarized to yield 8 or
12 zone histograms. Mouse behavior is recorded during 60 min
using a CCD-camera. Custom-designed software performed the
analysis and extracted location of the mouse with respect to the
indicated zones in the desired time resolution. In both designs,
individual zones have the same size, which results in a gradient
of (A) 2.27�C (0.31�C/cm) or (B) 3.57�C (0.47�C/cm). Dimensions
of each assay are outlined in methods.
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background, and TRPA1¡/¡ (Kwan et al., 2006), back-
crossed on 13 generations on C57BL/6J mice. From
both we crossed and bred TRPM8/A1¡/¡M8¡/¡; we
used a common age- and sex-matched control group.
C57BL/6J mice for breedings were purchased from
Charles River (Sulzfeld, Germany) and are genetically
identical to C57BL/6J from the Jackson Laboratories
(Bar Harbor, Maine, USA). All mice were between 60-
85 d, Transgenic mice were genotyped according to
our previously published procedures.18,24

Behavioral measurements

All mice were subjected to acclimation for 30 mins
with the aluminum floor of the device acclimatized to
room temperature (22–24�C). On the day of the
experiment, mice were measured in the apparatus at
15�¡40�C and the room temperature set to 27�C. The
individual who placed the mice in the behavioral
apparatus was aware of mouse genotype, but all
behavioral data were videotaped with the operator
absent from the room.

Statistics

For statistical analysis between 2 groups the t-test, for
more than 2 groups ANOVA ’planned comparison’
with Fisher LSD posthoc test was computed using Sta-
tistica version 7.1 (Dell Inc., Round Rock, TX, USA;
formerly StatSoft, Tulsa OK, USA). Differences were
considered significant at P < 0.05 and are marked by
asterisks in figures. Error bars in figures are displayed
as SEM or SD, as indicated in legends.

Results

Validation of the software

To ease data mining, we first extracted a parameter from
the software that allows us to validate how accurately the
software measures the location of the mouse within the
circular device. This parameter describes for each cropped
frame the fidelity of blob detection as the ratio�1 between
the most intensive and second-most intensive peaks in the
residual image. The value is written onto each frame. It
can be reviewed in the movie and as continuous data set
ranked from lowest to highest ratio in a separate .csv file.
We validated the hypothesis that low values signify
increasing likelihood of erroneous detections. As a QC
parameter for analyzed movies we chose the 1st percentile
of the ratio value over all frames of one movie. Validation

of the QC-parameter was performed manually by review-
ing 80 randomly taken movies under variable light condi-
tions (282600 frames). For validation we selected movies
mostly with 1st percentile values between 1 and 2, and
especially 1.1. On every frame the most intensive peak is
marked with a red spot and the second most intensive
peak with a blue spot. To yield a true value, the mouse
must be marked with the red spot, and then the labeled
zone corresponds to the location of the mouse. If the
mouse was labeled with the blue spot or not labeled, the
detection was erroneous. In 282600 frames 6130 values
were erroneous. Figure 2 A illustrates for each ratio
between 1 and 15 the percentage of true detections and
shows the number of frames analyzed per ratio. A ratio
above 1.3 indicates that the mouse location was 90% cor-
rect; above 1.6 recognition fidelity exceeded 98%. Figure 2
B illustrates how this statistic relates to the 1st percentile
value of a whole movie with 1800 frames or 3600 frames.
Movies with a 1st percentile value of higher than 1.07 had
a very high likelihood of containing equal or less than 1%
erroneous allocations. Nevertheless this does not exclude
that occasionally outliers occur. Low ratios and erroneous
detections were in most cases due to unfavourable shades
produced by poor illumination uniformity of the ring. If
this occurred in combination with the mouse lingering
close to the inner edges, this entails that themouse is partly
obscured by the shadow tail and the ratio remains close to
1 because this combination decreased the contrast and
herewith the blob size. 1st percentiles were in general
above 2 when vertical and uniform illumination of the
whole ring wasmaintained. Keeping these conditions after
the validation process, we achieved 1st percentiles ranging
between 1.33 and 6.25 (median 3.43) for all movies in our
study; only 5 of the 100 movies recorded in the large
assembly and illustrated in this study had a 1st percentile
below 2.Movies recorded in the small assemblywereman-
ually checked for potential misallocations and contained
less than 1% errors.

Measurement parameters

Summary .csv data were imported in MS Excel for fur-
ther analysis. In MS Excel the Thermal zone occupancy
was calculated to indicate the percent time spent in each
zone in minute resolution (zones as indicated in Fig. 1).
These values were subjected to a 3 adjacent data point
averaging procedure before statistical calculation and
visualized as entire time course over 60 min (Fig. 3 and
4 panels C and D). This set of data allows calculating the
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time lag in minutes after which mice do exclusively
locate above a given temperature, such as 27.5�C (repre-
senting 50% surface in both assays) and 31� or 32�C
(representing 37.5 or 33% surface in the small or large
assay, respectively).

The preference temperature (m) was calculated as
the weighted average of occupied temperature using

the following equation: mD
P

xT TP
xT

, whereby xT is

the time spent in the zones with temperature T. The
standard deviation SD (s), was calculated using the

equation:
P D ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

.∑ xT T2/¡m2
p

whereby
P xT T2 is the second moment. Preference tempera-
ture and its SD were calculated in minute resolution
to yield a time course, but also averaged for every
15 min period to separate exploratory behavior from
thermal selection behavior (Figs. 3 and 4, panel B;
Tables 1 and 2). Zone occupancy was calculated as the
percentage of time spent in each single zone and
reproduced as histogram distribution per every quar-
ter of an hour of observational time (compare Figs. 3
and 4, panel A).

For measurements in the large assay, as further
measure for the distribution about the mean we calcu-
lated the third moment to describe the symmetry of
the distribution, the skew (g). Skew was calculated as

gD E½T3�¡ 3ms2 ¡ m3

s3
; with s calculated for the popula-

tion and the third moment E½T3� calculated asP
. xT T3/P

xT
. The s3 factor makes skew a dimensionless

number.

No influence of slope of thermal gradient and
surface area on thermal selection of C57BL/6 mice

We were interested in evaluating temperature prefer-
ence behavior within the innocuous temperature
range. To compare the influence of gradient and sur-
face area on preference behavior, we established a
25�C gradient from 15� to 40�C in the small and the
large assembly. This results in a 3.57 �C (0.47�C/cm)
or a 2.27� C (0.31�C/cm) gradient between virtual
adjacent fields in the small and the large assembly,
respectively. Both assemblies are illustrated in Figure 1
A, B. We measured male na€ıve C57BL/6J mice (n =
14-20) in both assemblies and found that the differ-
ence between the assay designs (thermal resolution,
slope of the gradient, size of the assay) has no influ-
ence on exploratory behavior or on the preferred

Figure 2. Validation of the software algorithm. Mouse behavior is
videotaped and analyzed offline using custom-designed software.
The fidelity of blob detection is described as the ratio�1 between
the most intensive and second-most intensive peaks detected on
each frame. (A) 282600 frames were verified manually to validate
the ratio as parameter for quality assessment. Percent true detec-
tions for each ratio between 1 and 15 (black line, left Y-axis) and
number of analyzed frames for each ratio are shown (gray line,
right Y-axis). The inset expands ratios between 1 and 2 and illus-
trates that frames with ratios above 1.3 yielded >90% true detec-
tions, for ratios above 1.6 recognition fidelity exceeded 98%. Error
bars indicate SEM. (B) For each movie the 1st percentile was used
as parameter to assess recognition fidelity and the figure illus-
trates how the statistic calculated in A relates to the 1st percentile
value of an entire movie with 1800 frames or 3600 frames. Movies
with a 1st percentile value of � 1.07 had a high likelihood of con-
taining equal or less than 1% misallocations. Nevertheless occa-
sionally outliers occurred. “X” mark 1st percentiles of movies with
0% misallocations (not shown in log scale).
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temperature to which the mice locate at the end of the
observation time. In the small assembly this was 32.9�

§ 2.4�C and 33.3� § 3.1�C in the large one (Figs. 3
and 4, Tables 1 and 2); similarly, the time course of
the temperature preference and the standard deviation
were the same in both assemblies (Figs. 3 and 4).

Test time and surface area influence cold avoidance
of TRPM8-deficient mice

TRPM8¡/¡ mice have been subjected to a series of dif-
ferent behavioral tests, since their first publication in
2007 with the common result that TRPM8 is essential

Figure 3. 8-zone assay: TRPM8-deficient mice show warm avoidance and reduced avoidance of innocuous cool. (A) Eight-zone histo-
grams of zone preference of TRPM8¡/¡: (blue bars: TRPM8¡/¡; gray bars: C57BL/6J): from bottom to top, zone preference is summarized
for each consecutive quarter of an hour as percent of time spent in each of 8 zones. Respective values of preference temperature,
including standard deviation are indicated in the Table 1. Note: in mins 1–45: TRPM8¡/¡ mice show both warm avoidance and reduced
cold avoidance. Error bars are SEM. (B) Preference temperature time course from bottom (start) to top (60 min): throughout 60 mins
thermal selection behavior of TRPM8¡/¡ is significantly different from control. Over time TRPM8¡/¡ mice migrate to warmer, but prefer
markedly cooler floor temperature than control mice. At later time points mice progressively migrate to warmer floor temperature
which also results in a reduction in SD. Data were subjected to a 3pt averaging procedure. Error bars with areas under the curve in cyan
(TRPM8) and black (control) indicate SD and SD are significantly different for the asterisks on error bars. (C, D) Timecourses of tempera-
ture selection: percent time spent (C) above 31�C and, (D) in the warmer semicircle (above 27.5�C), calculated in 1 min resolution (aver-
age of 60 values per min) and subjected to a 3pt averaging procedure. Note: warm avoidance of TRPM8¡/¡ is evident in the initial 20
mins in both panels. Error bars are SEM. Sketches illustrate temperature and respective fraction of floor surface; dotted black line illus-
trates the random probability to cover the respective part of the assay. Error bars indicate SEM. In all panels: colors: cyan: TRPM8¡/¡ (n
= 21), gray/black C57BL/6J (n = 14); asterisks refer to p < 0.05, T-test.
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for the detection of environmental cold. Mostly this
conclusion results from studies with 2 temperature
choice assays (based on 2-plate paradigms) but also

from a 100 cm long linear gradient assay adjusted
between 15� and 53.5�C, providing a resolution of
0.39�C/cm7. Our large assay provides a length of 160/

Figure 4. TRPM8¡/¡, TRPA1¡/¡, TRPM8/A1¡/¡ strain comparison in the 12 zone-assay. (A) Histograms of zone preference of C57BL/6J
(black), TRPA1¡/¡ (red), TRPM8¡/¡ (cyan) and TRPM8/A1¡/¡ (blue): from bottom to top, zone preference is summarized for each con-
secutive quarter of an hour as percent of time spent in each of the 12 zones. Respective values of preference temperature per each
15 mins are indicated. After 30 min double knockout mice clearly select colder floor temperatures and show a broader tolerance for
innocuous cool temperatures. TRPA1¡/¡ mice have no deficits in cold avoidance but locate faster to warm surfaces. red asterisks:
TRPA1¡/¡ vs control; cyan asterisks: TRPM8 vs. TRPM8/A1¡/¡; black asterisks: knockout vs. control. Error bars are SEM. (B) Preference
temperature time course from bottom (start) to top (60 min) in 4 genotypes: in the second half hour, thermal selection behavior of
double knockout separates from TRPA1¡/¡, TRPM8¡/¡ and controls. Double knockout mice still prefer warmer, but ~3�C colder floor
temperatures than all other strains. Error bars represents SD; data were subjected to a 3pt averaging procedure; gray area: SD of con-
trol mice; all asterisks compare TRPM8/A1¡/¡ to respective other strain indicated by color. Note that time courses of 8 and 12 zone
assay in C57BL/6 controls are indifferent (compare to Fig. 3). (C, D) Time courses of temperature selection: percent time spent (C)
above 32�C and, (D) in the warmer semicircle (above 27.5�C) calculated in 1 min resolution (averaging from 60 values per min) and
subjected to a 3pt averaging procedure. Error bars are SEM. Sketches illustrate temperature and respective fraction of floor surface;
dotted black line illustrates the random probability rate to cover the respective part of the assay. Note: TRPA1/M8¡/¡ still prefer to
migrate to the warmer semicircle in the second half of the experiment, but they only locate to about 30% above 32�C which is the
random probability rate. In all panels: TRPM8¡/¡ n = 19, TRPM8/A1¡/¡ n = 20, TRPA1¡/¡ n = 20, C57BL/6J n = 20; asterisks refer to
p < 0.05, ANOVA with Fisher LSD PostHoc test.
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2 cm and thereby a resolution of 0.31�C/cm per semi-
circle (calculated for the center of the ring § 0.028�C
for inner and outer limits) and the small one resolves
0.47�C/cm (§ 0.04�C) in a middle circumference of
107 cm. In our assay, TRPM8-deficient mice displayed
a prominent reduction in cold avoidance only in the
smaller 8-zone assay, where they finally located to
29.7� § 3.5 �C, at 3.2�C colder temperatures than con-
trols (Fig. 3, Table 1). In addition we found that
TRPM8¡/¡ display a marked avoidance of warmer
zones which is most prominent during the first
45 min of exposure as seen from both the histogram
view (Fig. 3A) and the timecourse of thermal selection
for temperatures above 31�C, where the average time
spent is lower than the random probability rate of
37.5% (Fig. 3C). In this assay it became also clear that
TRPM8¡/¡ still recognized warmer zones as prefera-
ble to colder areas, but required more time than con-
trols to migrate there, potentially also because they
feel repulsed by warm temperatures (Fig. 3B). While
the controls spend from the beginning at least 50% of
their time in in the warmer semicircle (zones with
temperatures higher than 27.5�C) and required only
24 minutes to spend 75% in the warmer half, the
TRPM8-deficient mice required 22 minutes to spend
50% of the subsequent test time above 27.5 �C and
after that they never located to more than 73% of the
experimental time in the warmer semicircle (Fig. 3D).

Surprisingly, this evident phenotype vanished
almost entirely when we measured the TRPM8-defi-
cient mice in the larger 12-zone assay. Here, the mice
located to a preference temperature of 32.5� § 2.4�C
after 45 mins, which was merely different from con-
trols which preferred 33.3 �§ 3.1�C (p=0.4, ANOVA,
Table 2). Much in contrast to the small assay, they
also showed almost no avoidance of warmer zones
during exploratory behavior and the time until they
spend at least 50% and 75% in the warmer semicircle
was just like controls, 11 (8) and 25 (25) minutes,
respectively (Fig. 4A, D). Thus, both phenotypes,
warm avoidance and decreased cold avoidance, are
much reduced in the larger assay. Some behavioral

differences became apparent when the time course
was calculated for zones with temperature higher than
32�C, because the TRPM8-deficient mice spent less
than 60% of the second half hour of the experiment
above 32�C (33%), while the C57BL/6J spent more
than 70% of the time above 32�C (Fig. 4C).

Additional lack of TRPA1 decreases cold avoidance
in TRPM8-deficient mice

We next analyzed the behavior of TRPA1 knockouts
and of TRPM8/A1 double knockouts in the gradient
assay. While TRPA1-deficient mice did not differ
from C57BL/6J mice in their overall preference tem-
perature (33.1 § 2 .5 �C; p = 0.9, ANOVA, Table 2),
we found that they were markedly faster in recogniz-
ing warmer zones as preferable. This is illustrated in
the histogram view (Fig. 4A) and additionally reflected
in the time course of thermal selection, where the
TRPA1¡/¡ required only 14 minutes to spend more
than 50% of the time above 32�C – in contrast to 28-
30 min for wildtype littermates or TRPM8-deficient
mice, respectively (Fig. 4C). As for the phenotype of
the double knockout mice, we found that lack of
TRPA1- in TRPM8-knockouts reduces cold avoidance
markedly. The phenotype of the double knockout
mice was previously assessed in a 2-plate choice assay
and found to be not different from single TRPM8¡/¡

mice.12 In our assembly the double knockout mice dis-
played a prominent reduction in cold avoidance
behavior in the 12 zone assay, locating to 29.8� §
3.6 �C, at 3.5�C colder temperatures than controls (p
= 0.0003, ANOVA) and 2.7�C lower than TRPM8¡/¡

(p = 0.005, ANOVA). This behavior is especially
apparent in the last 15 min of test time (Fig. 4B;
Table 2). The thermal selection time course for >32�C
further illustrates this finding and shows that TRPM8/
A1-deficent mice locate to these thermal zones ran-
domly (33% likelihood throughout the experiment)
(Fig. 4C). Nevertheless, the time lag until they spend
at least 50% above 27.5�C was 12 min and similar to
the TRPM8¡/¡; but the double knockout mice never

Table 1. Values of preference temperature and SD in the 8 zone assay.

Bins 1–15 mins 15–30 mins 30–45 mins 45–60 mins
Descriptor Strain Pref. Temp. (�C) SD Pref. Temp. (�C) SD Pref. Temp. (�C) SD Pref. Temp. (�C) SD

WT (C57BL/6J) 28.6 § 1.3 7.4 29.9 § 2.3 6.0 32.6 § 2.8 4.2 32.9 § 2.4 3.4
TRPM8¡/¡ 26.2 § 1.5 7.2 26.8 § 3.2 6.6 28.3 § 3.6 5.9 29.7 § 3.5 5.2
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spend more than 75% of their time above 27.5�C
(Fig. 4D). Most remarkably, the double knockout
mice still select warmer floor temperatures and show a
similar standard deviation in comparison to C57BL/
6J, TRPA1¡/¡ and TRPM8¡/¡, although they locate to
significantly lower temperatures than all other strains
(Fig. 4B). This finding confirms in principle our previ-
ous finding of a contribution of TRPA1 to innocuous
temperature sensing.18

Skew measures another aspect of thermal
selection behavior

Skew is calculated from the third power of the data. It
expresses how asymmetric values are distributed about
the mean. With a normal distribution, the skew g is
zero which signifies that mice would spend equal
amounts of time above and below m, the arithmetic
preference temperature; g becomes positive if a tail
extends to the right and negatively skew data have a
negative g and a tail to the left. Thus, in this experi-
ment, positively skew data may in general be an indi-
cator of a preference of colder temperatures and
negatively skew data of a preference of warmer tem-
peratures, respectively; albeit it must be kept in mind
that skew is a parameter that is derived from the dis-
tribution about the mean preference temperature at
each considered time point and does not directly refer
to the median temperature in the ring. Thus in a case
where e.g., several cold zones are entirely avoided by
all individuals and the data are symmetrically distrib-
uted about the mean, the skew becomes zero although
mice are only occupying the warmer half of the ring

(Fig. 5). In addition, skew cannot be calculated when
only one zone is covered, because SD results as zero.
Taken together, in this experiment, skew’s explanatory
power increases with the measured N and when it is
calculated over a distribution that covers a sufficiently
long timeframe (Fig. 5, Table 2). If these aspects are
kept in mind, skew may be an important parameter to
detect changes in thermal selection where preference
temperature and SD hold statistically indifferent val-
ues, but show statistically different distribution of val-
ues about the mean. This was seen for TRPM8¡/¡ in
the 12 zone assay in the last 15 min of the experiment
where TRPM8¡/¡ show a broader distribution about
the mean than wildtype mice (Fig. 4A). This distribu-
tion yields less negative skew (Table 2). The scatterplot
in Figure 5A gives skew in 5 min resolution and illus-
trates a separation for TRPM8¡/¡ (range 0.09; ¡1.27)
and TRPM8/A1¡/¡ (range 0.32; ¡0.79) vs. WT (range
0.18; ¡1.86) and TRPA1¡/¡ (range ¡0.01; ¡1.95) and
shows how skew changes over time alongside with the
changing thermal selection of the animals (Fig. 5A).
Interestingly the double knockouts show least left-
skew distributions due to more symmetric distribution
about the mean. This appears alongside with lower
and a reduced range of preferred temperatures
(Fig. 5B). Because reduced upper and lower bounds
directly affect skew, we related time course of skew in
minute resolution with zone occupancy in TRPM8
and TRPM8/A1-knockout mice. Figure 5C illustrates
how altered lower and upper bounds of the distribu-
tion lead to less negative values for skew in
TRPM8¡/¡ between mins 38-41 and 50-52, where all
measured individuals avoided the colder zones. In
contrast, for TRPM8/A1¡/¡, which cover a reduced
range of preferred temperatures, the less negative val-
ues of skew are not the result of reduced upper or
lower bounds. For each calculated skew value,
TRPM8/A1¡/¡ covered all zones of the assay
(Fig. 5C). This finding illustrates the need to relate
skew to the respective data bounds.

Discussion

Temperature–based assays for mouse models are
widely used to assess the contribution of various ion
channels to cold sensing and nociception and for alge-
sic and analgesic drug screening. Assessing a subjec-
tive and highly variable phenomenon such as pain
and aversion to innocuous temperature in mice, which

Table 2. Comparison of the strains in the 12 zone assay.

Descriptors of distribution

Bins Strains Mean (�C) §SD SD Skew

1–15 mins WT (C57BL/6J) 27.6 § 1.3 7.14 0.03
TRPA1¡/¡ 28.7§ 3.0 7.49 ¡0.16
TRPM8¡/¡ 27.6§ 1.7 7.03 0.03
TRPM8/A1¡/¡ 26.6§ 2.1 7.33 0.15

15–30 mins WT (C57BL/6J) 29.6 § 2.5 6.41 ¡0.49
TRPA1¡/¡ 30.1§ 3.7 6.83 ¡0.74
TRPM8¡/¡ 29.3§ 2.4 5.96 ¡0.56
TRPM8/A1¡/¡ 27.7§ 3.7 6.90 ¡0.23

30–45 mins WT (C57BL/6J) 32.18 § 3.2 5.35 ¡1.24
TRPA1¡/¡ 32.1§ 2.8 5.21 ¡1.37
TRPM8¡/¡ 31.1§ 3.4 4.80 ¡1.02
TRPM8/A1¡/¡ 29.2§ 3.9 6.02 ¡0.65

45–60 mins WT (C57BL/6J) 33.3 § 3.1 4.34 ¡1.91
TRPA1¡/¡ 33.2§ 2.5 4.35 ¡1.90
TRPM8¡/¡ 32.5§ 2.4 3.65 ¡1.26
TRPM8/A1¡/¡ 29.8§ 3.6 5.10 ¡0.68
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are more erratic in behavioral responses and less well
conditionable than rats, represents a challenge per se.
In fact given the circumstance that many of the
described commonly used assays depend on accuracy
and attention of one observer and therefore are prone
to conscious and unconscious bias, any single dispar-
ity in experimental condition can affect data repro-
ducibility and result in misinterpretations. Some of
the challenge can be met by appropriate blinding and
randomization of the experiment, but standardization
of experiments and elimination of experimenter bias
by computer-based analysis of behavioral data is

superior and meanwhile an emerging trend.7,25-27 In
that sense, our improved design of a thermal prefer-
ence screening device with automated analysis, where
values are assessed in duplicate and repulsing or
attracting effects of corners are eliminated, yielded
novel unrecognized characteristics of TRPM8-,
TRPA1- and the double knockout mice. The circular
design allows accurate measurement of zone distribu-
tion and enables to derive skew as valuable parameter
to describe thermal selection behavior.

In mice, in contrast to primates, cold sensing is a
feature of C-fibers, rather than Ad-fibers.

Figure 5. Skew as parameter to describe thermal preference behavior. (A) Linear regression analysis of skew and time. Skew is given as
average per 5 mins. (A) In contrast to controls and TRPA1¡/¡, histogram distribution of thermal preference behavior of TRPM8 and
TRPM8/A1-deficient mice yield less negative values for skew resulting from a less left-tailed distribution and corresponding to a prefer-
ence of colder floor temperatures. (B) Scatterplot of skew and preference temperature in 5 min bins. Reduced range of preferred tem-
peratures and colder preference temperatures in TRPM8/A1¡/¡ correspond to less negatively skew data. Specifically, the bars at the
bottom of the panel illustrate the range of preference temperature for each strain, C57BL/6J (black), TRPA1¡/¡ (red), TRPM8¡/¡ (cyan)
and TRPM8/A1¡/¡ (blue); (C) Influence of altered upper or lower bounds on skew. Skew is calculated in minute resolution for
TRPM8¡/¡ and TRPM8/A1¡/¡. Right y-axis illustrates zone occupancy in each minute. Cyan areas indicate zones that were left uncov-
ered. In TRPM8¡/¡ upper or lower bounds are reduced in mins 30–31, 38–41 and 50–52 which is the result for reduced values for skew.
Black line is 3pt average. TRPM8/A1¡/¡ show left tailed skews with progressive change over time due to thermal selection with bounds
unchanged.
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Thermoreceptors are characterized by a range of tem-
perature thresholds between 37�C and 15�C. They
exhibit fast adaptation characteristics to dynamic
stimuli in the innocuous cool range and static coding
properties within the dynamic range.28-31 TRPM8 has
been described as the principal cold sensor on cold
nociceptors (CMC) and on thermoreceptors (CC).
CMC fibers are absent in TRPM8¡/¡, while CC fiber
classes suffer significant coding deficits.32,33 This
underlies the overt deficits of TRPM8¡/¡ knockout
animals to perceive cool between 10 and 25�C as
assessed by 3 different authors when they challenged
the animals in different settings.5-7 While Colburn
and Bautista tested thermal selection in a 2-tempera-
ture plate assay for 3 and 5 mins respectively, the plate
sizes used by Colburn were roughly 3 times as large
(20�20 cm) as those used by Bautista which were
hardly larger than the size of the mouse itself. In the
case of a choice between a 5�C versus a 30�C surface
this made an apparent difference and mice on the
larger surfaces spent similar times on both surfaces
whereas mice on the smaller surfaces where deterred
by the 5�C like the wildtype littermates. Differentials
in the innocuous range between 15 and 25 were recog-
nized similar by both plate sizes assuming that either
short measurement time increases uncertainty or that
plate size may represent an essential experimental
parameter under certain conditions. Dhaka extended
measurement time in a large plate configuration
(25�10 cm) to 30 mins with the conclusion that avoid-
ance to noxious cold temperatures (10�C) is not extin-
guished in TRPM8¡/¡ and that lack of innocuous cold
avoidance (18–31�C) it is not a matter of an abbrevi-
ated acquisition time, although in the second 15 min-
ute bin, his TRPM8¡/¡ showed increased, but still
reduced preference for the warmer surface as com-
pared to the first bin. This trend was reproduced in
our measurements and present in both rings. It signi-
fies that TRPM8-deficient mice can discern innocuous
cold temperatures but require more time – in our
small ring at least 30 mins; maybe warm sensing path-
ways which become activated every time when the
mice cross the 40�C fields may partly direct the orien-
tation. In fact, in TRPM8¡/¡ warm temperatures may
be perceived as more intense, because of the relative
overweight of CMW and CMH fibers with low tem-
perature thresholds identified in skin-nerve prepara-
tions of TRPM8¡/¡.32 This may be a reason for the
increased avoidance of warm areas in the smaller

assay; however it does not explain why this phenome-
non is not present or compensated in the large ring.

In fact of particular interest appears the disparity
that TRPM8-deficient mice manifested much larger
cold sensing deficits in the smaller ring with the
0.47�C/cm gradient as to the larger ring with the
0.31�C/cm gradient. In contrast thermal selection
behavior in C57BL/6J mice was independent of the
size of the tempered surface or the slope of the gradi-
ent, 0.31�C/cm and 0.47�/cm. Dhaka were the first to
describe a preference analysis of the TRPM8¡/¡, but
they used a temperature preference assay with linear
design and a 0.39�C/cm gradient and inclusion of
noxious hot temperatures. They assessed data during
90 mins in 3 30 min bins using a mouse tracking soft-
ware based on a 20 zone resolution with 1.5�C differ-
ential between virtual adjacent zones. In contrast to
our findings, their assessment yielded no thermal pref-
erence in the first 30 min of observation with a
weighted preference temperature of ~22�C in
TRPM8¡/¡. Their measurements were influenced by
the general presence of a 15�C corner preference zone,
a confounder which is eliminated by our design.
TRPM8-deficient mice showed thermal selection in
the small ring in terms of a clear avoidance of warmer
areas in the small ring in the first 30 min bin, while in
the large ring thermal selection was similar to the
wildtype animals. After 90 min, Dhaka determined
the preference of wildtype mice to a range of warm
temperatures between 30-38�C (weighted average of
32�C). The TRPM8¡/¡ had a wider range of prefer-
ence temperatures between 23–38�C and with a
weighted average of 28�C after 90 mins. In our device,
C57BL/6J mice located already after 60 mins to a
much narrower range of temperatures between 31.2–
34.6�C in the small ring and to 31.2–35.4�C in the
large ring - this represents a clear advantage of our
ring-shaped design. For TRPM8¡/¡ this was signifi-
cantly lower especially for the 3rd and 4th bin in the
small ring with the mice choosing temperatures
between 26.4-33�C in the 4th bin, in contrast to 30.2-
34.8�C in the large ring.

As evident from our data in Figures 3 and 4, we
assume that the overall size of the ring surface is prob-
ably less important for the observed differences in per-
ception of the TRPM8¡/¡ in both ring shapes;
probably unless a certain size limit is not underrun
where the device is so small that it resembles a 2 plate
configuration with high differential. We also assume
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that the ring-shape of the device with duplicate mea-
surement and elimination of edge artifacts preferen-
tially increases accuracy of the results and potentially
reduces the measurement time, because we achieved a
reduction in SD at earlier timepoints than others in
the linear-shaped device.7,34,35 We speculate that the
key aspect mediating the different finding of thermal
preference in both assays may relate to the steeper
temperature gradient in the smaller ring and a func-
tion of TRPM8 as differential cold sensor in the cool/
cold temperature range.

Differential sensitivity to cold is a feature of the
CC-fibers30,32 which are lacking in TRPM8¡/¡.33 The
lack of these fibers may result in imbalance of input
from cold and warm fibers and for some reason may
be better compensated for when gradients are less
steep which also entails a reduced warm aversive
behavior in the large ring. In fact, the critical area for
the measured preferendum between 26–33�C is in the
smaller gradient about 13.4 cm long compared to the
larger assay with about 20 cm. Assuming average
mouse length during common explorative behavior
approximately 7 cm, the steep temperature gradient in
the small ring causes a relatively large temperature dif-
ference between mouse fore- and hind paw and might
confront the animal with a perception mismatch and
difficulty in finding its exact optimal temperature
spot. This may provoke a more erratic behavior and
lead it to withdraw to more “safer” zones, away from
potential harm due to intense warm or suspected
excessive heat.

Warm fibers, however, are presumably not the only
factor guiding the thermal choice in TRPM8-deficient
mice, because increasing warm preference of
TRPM8¡/¡ mice in later timepoints of the 2 tempera-
ture preference assay was also observed in 10–14�C
and in 26-30�C differentials,7 thus temperatures below
the reported activation threshold of warm fibers. This
behavior, and potentially the absence of warm avoid-
ance in the larger assay, implies the presence of other
mechanism(s) of cold sensing and therefore the large
assay represented for us the assay format for further
investigations with TRPA1-deficient mice.

Surprisingly, TRPA1 knock-out animals migrated
more rapidly to the warmer zones in the 2nd bin
(Fig. 4A and C) and had the same preference behavior
as wildtype mice in the 4th bin. TRPA1¡/¡ had also
more negatively skew data during the first 45 mins of
the experiment than C57BL/6J (Fig. 5A, Table 2).

Nevertheless accumulating evidence especially from
nociceptive assays, including cold plate and tail with-
drawal, and from fMRI recordings, strongly support
the assumption of TRPA1 being implicated in cold
temperature detection.13,14,16,18,36,37 In contrast to
these assays our paradigm measures a complex behav-
ioral response pattern over a longer timeframe. One
possible and simple explanation is that cold-activated
TRPA1- carrying pathways exert inhibition on warm
or heat-sensing pathways at the level of the spinal
cord or the brain - similar to the tonic cross inhibition
of cold sensing pathways unveiled for CGRP-carrying
fibers.38 Disruption of crosstalk would unmask in
TRPA1¡/¡ a disinhibition of warm-sensing fibers
which may then indeed result in faster warm tempera-
ture recognition and speeded thermal selection behav-
ior. If this is the case, it may in part account for the
difficulty to assess the contribution of TRPA1 to cold
sensing encountered in the past with other assays
which generated a series of conflicting results. Cer-
tainly, alternative explanations exists and may have to
do with the complex behavior of the channel and the
thermodynamic prediction that cold-sensing TRPs are
also hot-sensing.39 Nevertheless, additional lack of
TRPM8 in TRPA1¡/¡ revealed a major contribution
of TRPA1 to innocuous cold temperature perception,
because double knockout mice showed a largely aug-
mented reduction of cold aversive behavior. Obviously
the contribution of TRPA1 to innocuous cold temper-
ature sensing exists and it is important, but in
TRPA1¡/¡ it is to large parts compensated for by a
functional TRPM8. Our findings contrast with a previ-
ous report where these mice were assessed in a 2-plate
temperature choice assay and where no difference to
TRPM8¡/¡ became obvious.12 Our result speaks for
an increased sensitivity of the gradient assay in com-
parison to 2-plate choice configurations in this tem-
perature range. Seemingly, TRPA1s contribution to
cold sensing is more complicated than assumed and
our results may also indicate that TRPA1 functions as
TRPM8-associated or TRPM8-dependent signal
enhancer or holds another indirect function that
depends or is facilitated by the simultaneous activa-
tion of TRPM8 or other TRPM8-dependent channels
or proteins. Nevertheless this result is in line with our
previous finding of a general reduction in BOLD sig-
nal in an fMRI experiment with TRPA1¡/¡ in
response to stimulation of the paw with temperatures
in the 15�C range. While an involvement of TRPA1 in
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noxious cold sensing became apparent in several tests,
in the gradient assay a deficit in the innocuous tem-
perature range became only apparent when a second
cold transduction mechanism failed. Interestingly,
several studies show that TRPA1 is not coexpressed
on the same neuronal subpopulation as TRPM810,17

so the precise mechanism of how TRPA1 influences
the temperature perception in TRPM8-deficient mice
remains to be clarified, but may also lie in the spinal
cord where different cold sensing pathways converge
and enter into circuits at the postsynaptic level in the
superficial laminae of the spinal cord where they
undergo cross-inhibition by pathways of other modal-
ities.38 Also other factors, including changes in body
temperature and thermoregulatory behavior may
come into effect with longer measurement times.

Testing temperature sensitivity is the modality of
choice for many studies addressing fundamental
aspects of nociception and pain signaling. Future eval-
uations will determine whether results from thermal
gradient assay in combination with neuropathic pain,
inflammatory pain or pharmacologic models of cold
allodynia40,41 correlate with results from acute noci-
ception tests that measure primary afferent processes
and spinal nociceptive reflexes like the tail-flick test,
hot and cold plate test and the Hargreaves test. In
comparison to these assays the thermal gradient para-
digm is more complex; it involves integration of pri-
mary afferent information and spinal cord and brain
processes of temperature perception and autonomic
and behavioral thermoregulation. Nevertheless our
assay clearly provides superior accuracy than a simple
linear gradient design and any 2-plate choice configu-
ration. In the literature results from the latter is fre-
quently assumed to reflect the animal’s general
temperature preference although measurements are
often only assessed during 5 mins or less, because
these assays are manpower intensive, even when they
are automated, and require multiple trials at each tem-
perature to extract full temperature response
relationships.
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Ad-fibers Group A delta nerve fiber
ANOVA analysis of variance
BOLD Blood Oxygenation Level Dependent
CC Group C cold thermoreceptor
CCD camera charged-coupled device camera
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CMC Group C mechano cold nociceptor
fMRI functional Magnetic Resonance Imaging

LSD least significant difference
QC quality control
SD standard deviation
SEM standard error of the mean
TRP Transient Receptor Potential
TRPA1 Transient Receptor Potential Ankyrin 1 receptor
TRPM8 Transient Receptor Potential Melastatin 8 receptor

Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.

Acknowledgments
We would like to thank the “Sonderfonds f€ur wissenschaftliche
Arbeiten an der Universit€at Erlangen-N€urnberg” for sponsor-
ing the infrared camera used in this study. Jana Schramm per-
formed expert technical assistance. We thank Harald Ihmsen
(Department of Anesthesiology, Universit€atsklinikum der Frie-
drich-Alexander Universit€at, Erlangen, Germany) for insight-
ful comments on the manuscript and Jeffrey Mogil (Pain
Genetics Lab, McGill-University, Montreal, Canada) for pro-
voking this approach to data analysis.

Funding
Funding for this project was obtained through the German
Research Council (DFG): Zi1172/2-1, Zi1172/3-1 and Zi1172/
4-1 (KZ); IZKF project E14 (KZ); the Czech Science Founda-
tion (GACR) 15-15839S (FT, VV).

References

[1] Vriens J, Nilius B, Voets T. Peripheral thermosensation
in mammals. Nat Rev Neurosci 2014; 15:573-89;
PMID:25053448; http://dx.doi.org/10.1038/nrn3784

[2] Romanovsky AA. Skin temperature: its role in thermo-
regulation. Acta Physiol (Oxf) 2014; 210:498-507;
PMID:24716231; http://dx.doi.org/10.1111/apha.12231

[3] Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Ander-
sson DA, Story GM, Earley TJ, Dragoni I, McIntyre P,
Bevan S, et al. A TRP channel that senses cold stimuli
and menthol. Cell 2002; 108:705-15; PMID:11893340;
http://dx.doi.org/10.1016/S0092-8674(02)00652-9

[4] McKemy DD, Neuhausser WM, Julius D. Identification
of a cold receptor reveals a general role for TRP channels
in thermosensation. Nature 2002; 416:52-8; PMID:
11882888; http://dx.doi.org/10.1038/nature719

[5] Colburn RW, Lubin ML, Stone DJ Jr, Wang Y, Lawrence
D, D’Andrea MR, Brandt MR, Liu Y, Flores CM, Qin N.
Attenuated cold sensitivity in TRPM8 null mice. Neuron
2007; 54:379-86; PMID:17481392; http://dx.doi.org/
10.1016/j.neuron.2007.04.017

[6] Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Bas-
baum AI, Stucky CL, Jordt SE, Julius D. The menthol
receptor TRPM8 is the principal detector of environmen-
tal cold. Nature 2007; 448:204-8; PMID:17538622; http://
dx.doi.org/10.1038/nature05910

TEMPERATURE 89

http://dx.doi.org/10.1038/nrn3784
http://dx.doi.org/10.1111/apha.12231
http://dx.doi.org/11893340
http://dx.doi.org/10.1016/S0092-8674(02)00652-9
http://dx.doi.org/10.1038/nature719
http://dx.doi.org/17481392
http://dx.doi.org/10.1016/j.neuron.2007.04.017
http://dx.doi.org/17538622
http://dx.doi.org/10.1038/nature05910


[7] Dhaka A, Murray AN, Mathur J, Earley TJ, Petrus MJ,
Patapoutian A. TRPM8 is required for cold sensation in
mice. Neuron 2007; 54:371-8; PMID:17481391; http://dx.
doi.org/10.1016/j.neuron.2007.02.024

[8] Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR,
Petrus MJ, Earley TJ, Patapoutian A. Noxious cold ion
channel TRPA1 is activated by pungent compounds and
bradykinin. Neuron 2004; 41:849-57; PMID:15046718;
http://dx.doi.org/10.1016/S0896-6273(04)00150-3

[9] Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ,
Poblete J, Yamoah EN, Basbaum AI, Julius D. TRPA1
mediates the inflammatory actions of environmental irri-
tants and proalgesic agents. Cell 2006; 124:1269-82; PMID:
16564016; http://dx.doi.org/10.1016/j.cell.2006.02.023

[10] Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J,
Hricik TR, Earley TJ, Hergarden AC, Andersson DA,
Hwang SW, et al. ANKTM1, a TRP-like channel
expressed in nociceptive neurons, is activated by cold
temperatures. Cell 2003; 112:819-29; PMID:12654248;
http://dx.doi.org/10.1016/S0092-8674(03)00158-2

[11] Moparthi L, Survery S, Kreir M, Simonsen C, Kjellbom P,
H€ogest€att ED, Johanson U, Zygmunt PM. Human
TRPA1 is intrinsically cold- and chemosensitive with and
without its N-terminal ankyrin repeat domain. Proc Natl
Acad Sci U S A 2014; 111:16901-6; PMID:25389312;
http://dx.doi.org/10.1073/pnas.1412689111

[12] Knowlton WM, Bifolck-Fisher A, Bautista DM, McKemy
DD. TRPM8, but not TRPA1, is required for neural and
behavioral responses to acute noxious cold temperatures and
cold-mimetics in vivo. Pain 2010; 150:340-50; PMID:
20542379; http://dx.doi.org/10.1016/j.pain.2010.05.021

[13] del Camino D, Murphy S, Heiry M, Barrett LB, Earley TJ,
Cook CA, Petrus MJ, Zhao M, D’Amours M, Deering N,
et al. TRPA1 contributes to cold hypersensitivity. J Neu-
rosci 2010; 30:15165-74; PMID:21068322; http://dx.doi.
org/10.1523/JNEUROSCI.2580-10.2010

[14] Obata K, Katsura H, Mizushima T, Yamanaka H,
Kobayashi K, Dai Y, Fukuoka T, Tokunaga A, Tominaga
M, Noguchi K. TRPA1 induced in sensory neurons con-
tributes to cold hyperalgesia after inflammation and
nerve injury. J Clin Invest 2005; 115:2393-401; PMID:
16110328; http://dx.doi.org/10.1172/JCI25437

[15] Kwan KY, Allchorne AJ, Vollrath MA, Christensen AP,
Zhang DS, Woolf CJ, Corey DP. TRPA1 contributes to cold,
mechanical, and chemical Nociception but is not essential for
hair-cell transduction. Neuron 2006; 50:277-89; PMID:
16630838; http://dx.doi.org/10.1016/j.neuron.2006.03.042

[16] Karashima Y, Talavera K, Everaerts W, Janssens A, Kwan
KY, Vennekens R, Nilius B, Voets T. TRPA1 acts as a
cold sensor in vitro and in vivo. Proc Natl Acad Sci U S
A 2009; 106:1273-8; PMID:19144922; http://dx.doi.org/
10.1073/pnas.0808487106

[17] Pogorzala LA, Mishra SK, Hoon MA. The cellular code for
mammalian thermosensation. J Neurosci 2013; 33:5533-41;
PMID:23536068; http://dx.doi.org/10.1523/JNEUROSCI.
5788-12.2013

[18] Vetter I, Touska F, Hess A, Hinsbey R, Sattler S, Lampert A,
Sergejeva M, Sharov A, Collins LS, Eberhardt M, et al.
Ciguatoxins activate specific cold pain pathways to elicit
burning pain from cooling. EMBO J 2012; 31:3795-808;
PMID:22850668; http://dx.doi.org/10.1038/emboj.2012.207

[19] Carlisle HJ, Frost TS, StockMJ. Thermal preference behavior
following clonidine, norepinephrine, isoproterenol, and
ephedrine. Physiol Behav 1999; 66:585-9; PMID:10386901;
http://dx.doi.org/10.1016/S0031-9384(98)00328-X

[20] Refinetti R, Carlisle HJ. Effects of lateral hypothalamic
lesions on thermoregulation in the rat. Physiol Behav
1986; 38:219-28; PMID:3797489; http://dx.doi.org/
10.1016/0031-9384(86)90157-5

[21] Gordon CJ. Twenty-four-hour control of body tempera-
ture in rats. I. Integration of behavioral and autonomic
effectors. Am J Physiol 1994; 267:R71-77; PMID:8048648

[22] Gordon CJ, Becker P, Killough P, Padnos B. Behavioral
determination of the preferred foot pad temperature of
the mouse. J Therm Biol 2000; 25:211-9; http://dx.doi.
org/10.1016/S0306-4565(99)00025-X

[23] Gordon CJ, Kimm-Brinson KL, Padnos B, Ramsdell JS.
Acute and delayed thermoregulatory response of mice
exposed to brevetoxin. Toxicon 2001; 39:1367-74; PMID:
11384725; http://dx.doi.org/10.1016/S0041-0101(01)00092-7

[24] Vetter I, Hein A, Sattler S, Hessler S, Touska F, Bressan E,
Parra A, Hager U, Leffler A, Boukalova S, et al. Amplified
cold transduction in native nociceptors by M-channel
inhibition. J Neurosci 2013; 33:16627-41; PMID:
24133266; http://dx.doi.org/10.1523/JNEUROSCI.1473-
13.2013

[25] Knowlton WM, Palkar R, Lippoldt EK, McCoy DD,
Baluch F, Chen J, McKemy DD. A sensory-labeled line
for cold: TRPM8-expressing sensory neurons define the
cellular basis for cold, cold pain, and cooling-mediated
analgesia. J Neurosci 2013; 33:2837-48; PMID:23407943;
http://dx.doi.org/10.1523/JNEUROSCI.1943-12.2013

[26] Brodkin J, Frank D, Grippo R, Hausfater M, Gulinello M,
Achterholt N, Gutzen C. Validation and implementation
of a novel high-throughput behavioral phenotyping
instrument for mice. J Neurosci Methods 2014; 224:48-
57.

[27] Yin K, Zimmermann K, Vetter I, Lewis RJ. Therapeutic
opportunities for targeting cold pain pathways. Biochem
Pharmacol 2015; 93:125-40; PMID:25316567; http://dx.
doi.org/10.1016/j.bcp.2014.09.024

[28] Campero M, Serra J, Bostock H, Ochoa JL. Slowly con-
ducting afferents activated by innocuous low temperature
in human skin. J Physiol 2001; 535:855-65; PMID:
11559780; http://dx.doi.org/10.1111/j.1469-7793.2001.
t01-1-00855.x

[29] Fujita F, Uchida K, Takaishi M, Sokabe T, Tominaga M.
Ambient temperature affects the temperature threshold
for TRPM8 activation through interaction of phosphati-
dylinositol 4,5-bisphosphate. J Neurosci 2013; 33:6154-9;
PMID:23554496; http://dx.doi.org/10.1523/JNEUROSCI.
5672-12.2013

90 F. TOUSKA ET AL.

http://dx.doi.org/17481391
http://dx.doi.org/10.1016/j.neuron.2007.02.024
http://dx.doi.org/15046718
http://dx.doi.org/10.1016/S0896-6273(04)00150-3
http://dx.doi.org/10.1016/j.cell.2006.02.023
http://dx.doi.org/12654248
http://dx.doi.org/10.1016/S0092-8674(03)00158-2
http://dx.doi.org/25389312
http://dx.doi.org/10.1073/pnas.1412689111
http://dx.doi.org/10.1016/j.pain.2010.05.021
http://dx.doi.org/21068322
http://dx.doi.org/10.1523/JNEUROSCI.2580-10.2010
http://dx.doi.org/10.1172/JCI25437
http://dx.doi.org/10.1016/j.neuron.2006.03.042
http://dx.doi.org/19144922
http://dx.doi.org/10.1073/pnas.0808487106
http://dx.doi.org/10.1523/JNEUROSCI.<?A3B2 re3j?>5788-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.<?A3B2 re3j?>5788-12.2013
http://dx.doi.org/10.1038/emboj.2012.207
http://dx.doi.org/10386901
http://dx.doi.org/10.1016/S0031-9384(98)00328-X
http://dx.doi.org/3797489
http://dx.doi.org/10.1016/0031-9384(86)90157-5
http://dx.doi.org/8048648
http://dx.doi.org/10.1016/S0306-4565(99)00025-X
http://dx.doi.org/10.1016/S0041-0101(01)00092-7
http://dx.doi.org/10.1523/JNEUROSCI.1473-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.1473-13.2013
http://dx.doi.org/23407943
http://dx.doi.org/10.1523/JNEUROSCI.1943-12.2013
http://dx.doi.org/25316567
http://dx.doi.org/10.1016/j.bcp.2014.09.024
http://dx.doi.org/10.1111/j.1469-7793.2001.t01-1-00855.x
http://dx.doi.org/10.1111/j.1469-7793.2001.t01-1-00855.x
http://dx.doi.org/10.1523/JNEUROSCI.<?A3B2 re3j?>5672-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.<?A3B2 re3j?>5672-12.2013


[30] ZimmermannK, Hein A, Hager U, Kaczmarek JS, Turnquist
BP, Clapham DE, Reeh PW. Phenotyping sensory nerve
endings in vitro in the mouse. Nat Protoc 2009; 4:174-96;
PMID:19180088; http://dx.doi.org/10.1038/nprot.2008.223

[31] Brenner DS, Golden JP, Vogt SK, Dhaka A, Story GM,
Gereau Iv RW. A dynamic set point for thermal adapta-
tion requires phospholipase C-mediated regulation of
TRPM8 in vivo. Pain 2014; 155:2124-33; PMID:
25109670; http://dx.doi.org/10.1016/j.pain.2014.08.001

[32] Zimmermann K, Lennerz JK, Hein A, Link AS, Kaczmarek
JS, Delling M, Uysal S, Pfeifer JD, Riccio A, Clapham DE.
Transient receptor potential cation channel, subfamily C,
member 5 (TRPC5) is a cold-transducer in the peripheral
nervous system. Proc Natl Acad Sci U S A 2011;
108:18114-9; PMID:22025699; http://dx.doi.org/10.1073/
pnas.1115387108

[33] Toro CA, Eger S, Veliz L, Sotelo-Hitschfeld P, Cabezas D,
Castro MA, Zimmermann K, Brauchi S. Agonist-dependent
modulation of cell surface expression of the cold receptor
TRPM8. J Neurosci 2015; 35:571-82; PMID:25589752;
http://dx.doi.org/10.1523/JNEUROSCI.3820-13.2015

[34] Lee HS, Iida T, Mizuno A, Suzuki M, Caterina MJ.
Altered thermal selection behavior in mice lacking tran-
sient receptor potential vanilloid 4. J Neurosci 2005;
25:1304-10; PMID:15689568; http://dx.doi.org/10.1523/
JNEUROSCI.4745.04.2005

[35] Huang SM, Li X, Yu Y, Wang J, Caterina MJ. TRPV3 and
TRPV4 ion channels are not major contributors to mouse
heat sensation. Mol Pain 2011; 7:37; PMID:21586160;
http://dx.doi.org/10.1186/1744-8069-7-37

[36] Aubdool AA, Graepel R, Kodji X, Alawi KM, Bodkin JV,
Srivastava S, Gentry C, Heads R, Grant AD, Fernandes
ES, et al. TRPA1 is essential for the vascular response to
environmental cold exposure. Nat Commun 2014;
5:5732.

[37] Gentry C, Stoakley N, Andersson DA, Bevan S. The roles
of iPLA2, TRPM8 and TRPA1 in chemically induced
cold hypersensitivity. Mol Pain 2010; 6:4; PMID:
20092626; http://dx.doi.org/10.1186/1744-8069-6-4

[38] McCoy ES, Taylor-Blake B, Street SE, Pribisko AL, Zheng
J, Zylka MJ. Peptidergic CGRP a Primary Sensory Neu-
rons Encode Heat and Itch and Tonically Suppress Sensi-
tivity to Cold. Neuron 2013; 78:138-51; PMID:23523592;
http://dx.doi.org/10.1016/j.neuron.2013.01.030

[39] Clapham DE, Miller C. A thermodynamic framework for
understanding temperature sensing by transient receptor
potential (TRP) channels. Proc Natl Acad Sci U S A
2011; 108:19492-7; PMID:22109551; http://dx.doi.org/
10.1073/pnas.1117485108

[40] Deuis JR, Zimmermann K, Romanovsky AA, Possani LD,
Cabot PJ, Lewis RJ, Vetter I. An animal model of oxaliplatin-
induced cold allodynia reveals a crucial role for Nav1.6 in
peripheral pain pathways. Pain 2013; 154:1749-57;
PMID:23711479; http://dx.doi.org/10.1016/j.pain.2013.05.
032

[41] Zimmermann K, Deuis JR, Inserra MC, Collins LS,
Namer B, Cabot PJ, Reeh PW, Lewis RJ, Vetter I. Analge-
sic treatment of ciguatoxin-induced cold allodynia. Pain
2013; 154:1999-2006; PMID:23778293; http://dx.doi.org/
10.1016/j.pain.2013.06.015

TEMPERATURE 91

http://dx.doi.org/10.1038/nprot.2008.223
http://dx.doi.org/10.1016/j.pain.2014.08.001
http://dx.doi.org/10.1073/pnas.1115387108
http://dx.doi.org/10.1073/pnas.1115387108
http://dx.doi.org/25589752
http://dx.doi.org/10.1523/JNEUROSCI.3820-13.2015
http://dx.doi.org/10.1523/JNEUROSCI.4745.04.2005
http://dx.doi.org/10.1523/JNEUROSCI.4745.04.2005
http://dx.doi.org/21586160
http://dx.doi.org/10.1186/1744-8069-7-37
http://dx.doi.org/10.1186/1744-8069-6-4
http://dx.doi.org/23523592
http://dx.doi.org/10.1016/j.neuron.2013.01.030
http://dx.doi.org/22109551
http://dx.doi.org/10.1073/pnas.1117485108
http://dx.doi.org/10.1016/j.pain.2013.05.<?A3B2 re3j?>032
http://dx.doi.org/10.1016/j.pain.2013.05.<?A3B2 re3j?>032
http://dx.doi.org/23778293
http://dx.doi.org/10.1016/j.pain.2013.06.015


ORIGINAL RESEARCH
published: 30 June 2017

doi: 10.3389/fnmol.2017.00209

Frontiers in Molecular Neuroscience | www.frontiersin.org 1 June 2017 | Volume 10 | Article 209

Edited by:

Michaela Kress,

Innsbruck Medical University, Austria

Reviewed by:

Felix Viana,

Spanish Council of Scientific

Research, Spain

David McKemy,

University of Southern California,

United States

Antonio Ferrer-Montiel,

Universidad Miguel Hernández de

Elche, Spain

*Correspondence:

Katharina Zimmermann

katharina.zimmermann@fau.de

†
These authors have contributed

equally to this work.

Received: 05 April 2017

Accepted: 14 June 2017

Published: 30 June 2017

Citation:

Winter Z, Gruschwitz P, Eger S,

Touska F and Zimmermann K (2017)

Cold Temperature Encoding by

Cutaneous TRPA1 and

TRPM8-Carrying Fibers in the Mouse.

Front. Mol. Neurosci. 10:209.

doi: 10.3389/fnmol.2017.00209

Cold Temperature Encoding by
Cutaneous TRPA1 and
TRPM8-Carrying Fibers in the Mouse

Zoltan Winter †, Philipp Gruschwitz †, Stephanie Eger, Filip Touska and

Katharina Zimmermann*

Department of Anesthesiology, University Hospital Erlangen, Friedrich-Alexander-University Erlangen-Nürnberg, Erlangen,

Germany

Previous research identified TRPM8 and TRPA1 cold transducers with separate

functions, one being functional in the non-noxious range and the second one being a

nociceptive transducer. TRPM8-deficient mice present overt deficits in the detection of

environmental cool, but not a lack of cold avoidance and TRPA1-deficient mice show

clear deficits in some cold nocifensive assays. The extent of TRPA1’s contribution to

cold sensing in vivo is still unclear, because mice lacking both TRPM8 and TRPA1

(DKO) were described with unchanged cold avoidance from TRPM8−/− based on a

two-temperature-choice assay and by c-fos measurement. The present study was

designed to differentiate how much TRPM8 alone and combined TRPA1 and TRPM8

contribute to cold sensing. We analyzed behavior in the thermal ring track assay adjusted

between 30 and 5◦C and found a large reduction in cold avoidance of the double

knockout mice as compared to the TRPM8-deficient mice. We also revisited skin-nerve

recordings from saphenous-nerve skin preparations with regard to nociceptors and

thermoreceptors. We compared the frequency and characteristics of the cold responses

of TRPM8-expressing and TRPM8-negative C-fiber nociceptors in C57BL/6J mice

with nociceptors of TRPM8-deficient and DKO mice and found that TRPM8 enables

nociceptors to encode cold temperatures with higher firing rates and larger responses

with sustained, static component. In TRPM8−/−, C-fiber cold nociceptors were markedly

reduced and appeared further reduced in DKO. Nevertheless, the remaining cold

responses in both knockout strains were similar in their characteristics and they were

indifferent from the TRPM8-negative cold responses found in C57BL/6J mice. TRPM8

had a comparably essential role for encoding cold in thermoreceptors and lack of

TRPM8 reduced response magnitude, peak and mean firing rates and the incidence

of thermoreceptors. The encoding deficits were similar in the DKO strain. Our data

illustrate that lack of TRPA1 in TRPM8-deficient mice results in a disproportionately large

reduction in cold avoidance behavior and also affects the incidence of cold encoding fiber

types. Presumably TRPA1 compensates for lack of TRPM8 to a certain extent and both

channels cooperate to cover the entire cold temperature range, making cold-temperature

encoding by TRPA1—although less powerful—synergistic to TRPM8.

Keywords: cold transduction, nociceptor, thermoreceptor, thermal preference behavior, cold avoidance,

C57BL/6J, 129S1/SvImJ, strain difference
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Winter et al. Cold Temperature Sensing by TRPA1 and TRPM8

INTRODUCTION

Mice, like the C57BL/6J laboratory mouse strain, show naturally
a robust preference for warm over cold temperatures. Several
mouse behavioral assays were used to quantify this trait. The
avoidance of cold is reduced to a variable extent in mice lacking
either of the transient receptor potential ion channels, TRPM8 or
TRPA1, which are widely accepted as cold transduction channels
in somatosensory nerves. While the function of TRPM8 is well
defined, the extent of TRPA1’s contribution to the cold percept
is still a matter of debate. In addition, the identity of the residual
cold avoidance in TRPM8-null mutants remains to be defined.

The lack of cold avoidance in TRPM8-null mice (TRPM8−/−)
was first quantified in a two-temperature choice (2TC) assay
and the phenotype is large between 25 and 15◦C, but became
less apparent at lower, noxious temperatures. This phenotype is
robust; although it is dependent on the assay configuration (plate
size and measurement time), it was identified independently
across different research groups. This is in contrast to the
measurement of the latency to paw withdrawal from a cold plate,
where behavior of TRPM8-null mice appeared highly variable
(Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007).
Comparable to the results from the 2TC assays, measurement on
a linear gradient assay adjusted between 15 and 54◦C showed
a larger tolerance of TRPM8−/− for colder temperatures which
became apparent as longer periods of exploration with little
preference were mice located around 22◦C, much lower than
wildtype littermates (Dhaka et al., 2007).

TRPA1-null mice (TRPA1−/−), showed quite variable results
in the paw withdrawal assay from a 10 to 0◦C cold plate
(Kwan et al., 2006; Karashima et al., 2009). When probed for
cold reflex responses in a new test where a piece of dry ice
is applied directly under the hind paw through a glass plate
(Brenner et al., 2012), TRPM8−/− and TRPM8-DTR-mice had
a pronounced prolongation of the response, but TRPV1-DTR
mice, which lack TRPA1 expression, had unchanged responses
and mice lacking both TRPM8- and TRPA1-pathways (TRPV1-
DTR/TRPM8-DTR mice) were found indistinct from TRPM8-
DTR animals (Pogorzala et al., 2013). In addition, TRPA1−/− and
mice lacking TRPM8 and TRPA1 showed no altered behavior at
any combination of plate temperatures in the 2TC (Knowlton
et al., 2010). Results from functional Magnetic Resonance
Imaging, however, illustrated that 15◦C contact stimulation of
the paw entailed a general reduction of the BOLD signal. This
discrepancy indicates that the current mouse behavioral assays
are not sensitive enough to isolate and quantify the contribution
of TRPA1 to cold perception or that it’s lack is well-compensated
by other pathways. The reasons may lie in the very recent finding
that TRPA1 acts also as heat sensor (Moparthi et al., 2014) and the
complex wiring of temperature-sensing pathways via inhibitory
crosstalk in the spinal cord (McCoy et al., 2013).

We have recently described a novel circular thermal gradient
assay as useful tool for detailed thermal preference phenotyping
(Touska et al., 2016). TRPA1−/−, without displaying any cold
avoidance deficits, showed a significantly faster recognition
of warm temperatures in the range between 15 and 40◦C.
TRPM8−/−, in contrast, displayed a large cold avoidance

deficit in the circular gradient environment with low thermal
resolution (0.5◦C/cm). When the thermal resolution was
increased alongside with the ring size (0.3◦C/cm) the cold
avoidance phenotype appeared reduced except for a broader
distribution about the weighted preference temperature in the
last 15 min bin. The compensation was found due to TRPA1,
because a lack of both channels, TRPA1 and TRPM8 (DKO),
dramatically increased the cold avoidance deficit to an extent
similar to the phenotype of TRPM8−/− observed in the small
ring setup (Touska et al., 2016). These findings were in contrast
to a previous study which characterized DKO cold avoidance
as indifferent from TRPM8−/− based on results from a 2TC
assay and by measurement of c-fos expression in the spinal cord
(Knowlton et al., 2010).

We revisited the DKO to obtain more insight into the exact
contribution of TRPA1 to primary afferent cold detection in
the mouse. We used the circular gradient device and adjusted
the temperature of the ring between 5 and 30◦C. We compared
these results with the 15–40◦C environment. In addition, we
performed skin nerve recordings to search for encoding deficits
in cold nociceptors and thermoreceptors in TRPM8−/− and
DKOs. We provide the first detailed data of firing properties
and incidence of cold thermoreceptors in both strains. We also
characterize the properties and incidence of cold nociceptors and
compare them with TRPM8-positive- and TRPM8-negative cold
nociceptors of the background C57BL/6J strain. We also show
that the basic properties of both fiber types are maintained to
large parts in the 129S1/SvImJ strain, which is genetically distant
from the C57BL/6J mice. Our results confirm TRPM8 as unique
cold transducer enabling sustained responses and high firing
rates and estimate a considerably large contribution of TRPA1
to both innocuous cold and noxious cold sensing in the mouse
somatosensory system.

METHODS

Animals
For the behavioral experiments, we used adult TRPM8−/−

(Dhaka et al., 2007) which were backcrossed for six generation on
C57BL/6J background and obtained from pairs of homozygous
TRPM8−/−, and TRPA1−/− (Kwan et al., 2006), back-crossed
on 13 generations on C57BL/6J mice. From both we crossed
and bred DKO and we used one common age- and sex-matched
control group obtained from the DKO crossing and named
C57BL/6J, because backcrossing were of the C57BL/6J strain
purchased from Charles River (Sulzfeld, Germany). All mice
were between 60 and 85 days; transgenic mice were genotyped
according to our previously published procedures (Vetter et al.,
2012, 2013). For the skin-nerve recordings of DKO shown in
Figures 5, 6 we used 22 adult mice (4 females and 17 males).
For the recordings shown in Figure 4 and the recordings from
TRPM8−/− nociceptors, please refer to the details outlined in
Vetter et al. (2013). The data underlying Figure 6 were recorded
from five adult male TRPM8−/− and three adult male C57BL/6J
mice and include the recordings of C57BL/6J CC-fibers shown
in Toro et al. (2015). Recordings from 129S1/SvImJ mice were
subjected to new analysis but were all from Zimmermann et al.
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(2011). A-fiber nociceptors in C57BL/6J mice were new and
recorded from 22 adult mice (9 females and 13 males).

Temperature Gradient Assay
We utilized the large and high thermal resolution ring
configuration of our previously introduced circular temperature
gradient assay (Touska et al., 2016).We quantified cold avoidance
in TRPM8−/− and DKO in the temperature range from 30 to
5◦C. The data were from the same mice previously measured
in the 15–40◦C environment (Touska et al., 2016). During these
experiments, all mice were adapted to the equipment on day 1
with the ring adjusted to room temperature for 30 min. Mice
were measured for 60 min on day 2 using 15–40◦C and on day 3
using 5–30◦C. To achieve a symmetric gradient with a midpoint
temperature of 17.5◦C, we air-conditioned the room to 17–18◦C,
otherwise the room was heated to 26◦C using a convector heater.
Behavior was videotaped with a CCD-camera and analyzed with
our custom-designed software described and validated in Touska
et al. (2016). 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.

Isolated Skin Nerve Preparation and
Single-Fiber Recordings
We performed electrophysiological recordings as previously
described (Zimmermann et al., 2009, 2011; Vetter et al., 2013;
Toro et al., 2015). Briefly, single-fiber activity was recorded
from teased fibers via platinum or gold wire electrodes in an
adjacent chamber overlaid with paraffin oil. Receptive fields were
isolated from the surrounding fluid by means of a teflon ring.
Cold sensitivity was tested by superfusion of the receptive field
with precooled synthetic interstitial fluid (SIF).Well-defined cold
stimuli were realized with a custom-designed counter-current
temperature exchange system and they reached in nociceptors
from bath temperature (30–32◦C) to 8.3 ± 2.8◦C and in
thermoreceptors from bath temperature (33–35◦C) to 7.3 ±

2.4◦C in 60 s. Cold nociceptors were identified by searching
mechanosensitive receptive fields with a glass rod and isolation of
the receptive field with the teflon ring. Specifically, we recorded
populations of C-fibers from DKO, TRPM8−/− and A- and
C-fibers from C57BL/6J. Fibers from several previous studies
were analyzed retrospectively to specifically characterize the
properties of TRPM8+ and TRPM8− cold nociceptors in the
C57BL/6J and the 129S1/SvImJ mouse strains. Thermoreceptors
were identified by splitting nerve bundles until C-fiber activity
was noted and at least one and maximal five mechanosensitive
receptive fields could be identified on the skin. This served to
adjust the amplification range for each and every split to a level
that undoubtedly detects C-fiber activity with a high enough
signal-to-noise ratio. This is crucial, because the thermoreceptors
stem from the smallest diameter dorsal root ganglia neurons
and are expected to require close contact with the recording
electrode. Subsequently, to recognize cold sensitive spots, a small
ice cube (1 cm3) was slowly moved very closely over the corium
side of the skin-nerve preparation without touching the receptive
areas of the skin. Thermoreceptor activity can be recognized by
immediate onset brisk firing at a high rate that ceases shortly after

the ice cube is taken away from the respective area. To account
for a faster equilibration of the bath temperature, we increased
the flow and the bath temperature to 33–35◦C. The respective
area is then isolated with a teflon ring and the receptive field is
subjected to controlled thermal stimulation (Zimmermann et al.,
2009). Adjustments of the ring location are made if necessary.

Statistical Analysis
Comparisons between two groups were performed using T-test
for paired or unpaired samples, respectively; for more than two
groups one-way ANOVA’ planned comparison with Fisher LSD
post-hoc test were computed using IBM SPSS Statistics version
21. Differences were considered significant at p < 0.05 and are
marked by asterisks, hashtags, or dollar signs as indicated in
figure legends. For skin nerve data we used the Grubbs’s outlier
test to identify outliers. Outliers were marked in Figures 4, 5with
stars. The outlier values were not included in the calculation of
the mean and quartiles and were also removed for the statistical
calculation. Error bars in figures are displayed as SEM or SD, as
indicated in figure legends. In figures “∗∗∗” symbolizes p < 0.001,
“∗∗” signifies p < 0.01 and “∗” represents p < 0.05.

RESULTS

Mice Lacking TRPA1 and TRPM8 Have
Larger Deficits in Avoidance of Noxious
and Innocuous Cold than TRPM8-Deficient
Mice
In our previous study, we measured the thermal preference
behavior of TRPM8−/− and DKO in a thermal gradient assay
equilibrated between 15 and 40◦C. We found that TRPM8-
deficient mice show a remarkable lack of cold avoidance
in the assay configuration with low thermal resolution and
steep gradient (0.5◦C/cm; 3.6◦C between individual fields), but
nevertheless they still do recognize warmer zones as preferable
to colder areas, but they require longer to locate to the warmer
zones. Remarkably, in an environment with a shallower gradient
and increased thermal resolution (0.3◦C/cm, 2.3◦C between
fields), the lack of TRPM8 is well-compensated and the cold
avoidance deficit is no longer apparent. Here, the only difference
to the wildtype is a broader range of preferred temperatures
visible in a less negatively skewed distribution in the last 15 min
of the acquisition (Touska et al., 2016). Remarkably, additional
lack of TRPA1 created a similarly large lack of cold avoidance
in the DKO as previously recognized in the TRPM8−/− strain
in the smaller ring with the steep gradient. To compare these
data with data acquired in a 5–30◦C environment of the large
ring with the shallow gradient, we calculated a cumulative
response function for the early, explorative behavior in the first
half hour (Figure 1A) and the late, thermal preference behavior
(Figure 1B) acquired in the last 15 min. Remarkably, in the 15–
40◦C environment, the DKO show random exploratory behavior
below 32◦C devoid of any cold avoidance (p > 0.2), but intact
avoidance of the warmer fields >34◦C (p = 0.03, p = 0.000001,
and p = 0.00004). In contrast, the TRPM8−/− are indifferent
from wildtype. In this temperature range, with a minimum
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FIGURE 1 | Cumulative response functions of preferred temperature zones measured with gradients of 15–40◦C (A,B) and 5–30◦C (C,D). X-axis represents the

temperature between each of the 12 zones, Y-axis indicates percent time each group has spent above the indicated zone temperature. Panels (A,C) refer to min 1–30

(exploratory behavior) and (B,D) refer to late behavior in min 46–60 (thermal preference selection). The dashed gray line represents expected random zone coverage

estimated from the surface size of each thermal section, i.e., >16 or 6◦C: 92%; >18 or 8◦C: 83%; >21 or 11◦C: 75%; >23 or 13◦C: 67%; >25 or 15◦C: 58%; >28

or 18◦C: 50%; >30 or 20◦C: 42%; >32 or 22◦C: 33%; >34 or 24◦C: 25%; >37 or 27◦C: 17%, and >39 or 29◦C: 8%. Note, that increasing thermal selection

behavior becomes apparent in the last 15 min of both experiments. C57BL/6J (n = 20): black triangles, TRPM8−/− (n = 19): cyan triangles, TRPA1−/− [n = 20 (A,B)

and 16 (C,D)]: red diamonds, DKO (n = 20) blue circles. Asterisks in black and cyan indicate significant differences for p < 0.05 (ANOVA) between DKO and

C57BL/6J and DKO and TRPM8−/−, respectively. Black # and $: significant differences for p < 0.05 (ANOVA) between TRPM8−/− and TRPA1−/− and C57BL/6J,

respectively. Whiskers represent S.E.M. Note that Table 1 illustrates p-values for early and late behavior of each strain.

temperature of 15◦C, and with this thermal resolution, obviously,
presence of either TRPA1 and TRPM8 is sufficient to produce
acute cold avoidance, because lack of each single channel does
not make any cold avoidance deficits apparent—in the case of
TRPA1, mice are even more sensitive to cold than control mice
(at 32◦C, Figure 1A and Touska et al., 2016). Cold avoidance
vanishes only when both channels are deficient. With longer
exposure, i.e., in the last 15min of the 1 h observation, in the
DKO, a third, probably slow onset cold detection mechanism,
primary afferent or central, unfolds and a considerable amount
of cold avoidance becomes apparent although the DKO still
have an outstandingly large tolerance for colder ring areas; they
spend significantly less time than C57BL/6J between 26 and
34◦C and, when compared to TRPM8−/−, this concerns the

entire temperature range between 15 and 34◦C (Figure 1B).
When we compared the early and late behaviors, as illustrated
in Figures 1A,B, we found it to be different in all strains
for the temperatures below 28◦. These findings underline the
assumption that time is a significant factor in a temperature
gradient setup (Table 1) and that the early and late bins should
be regarded separately.

We next analyzed the behavior of the same groups of mice
in the circular running track with temperatures between 5
and 30◦C (Figures 1C,D). Remarkably, exploratory behavior
was guided by cold avoidance in all strains. Yet, the DKO
showed least cold avoidance and were significantly different from
TRPM8−/− at all temperatures (p < 0.05, ANOVA), except for
30◦C (p = 0.092, ANOVA). When compared to the wildtype

Frontiers in Molecular Neuroscience | www.frontiersin.org 4 June 2017 | Volume 10 | Article 209

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Winter et al. Cold Temperature Sensing by TRPA1 and TRPM8

TABLE 1 | Comparison of early and late behavior in the thermal ring track.

C57BL6J TRPA1 TRPM8 DKO

15–40◦C

16.1◦C 0.0001083 0.0001813 0.0000002 0.0029062

18.4◦C 0.0000068 0.0002176 0.0000006 0.0001862

20.7◦C 0.0000013 0.0005667 0.0000004 0.0000320

23.0◦C 0.0000026 0.0001971 0.0000003 0.0001017

25.2◦C 0.0000002 0.0000908 0.0000004 0.0000142

27.5◦C 0.0000001 0.0001455 0.0000001 0.0007774

29.8◦C 0.0000002 0.0000530 0.0005536 0.0113807

32.0◦C 0.0000001 0.0000244 0.0009478 n.s.

34.3◦C 0.0083921 n.s 0.0153580 n.s.

36.6◦C n.s 0.0053769 0.0031597 n.s.

38.9◦C 0.0000124 0.0188530 0.0000009 0.0000134

5–30◦C

6.1◦C 0.0000012 0.0000717 0.0000580 0.0000556

8.4◦C 0.0000002 0.0000072 0.0000297 0.0000841

10.7◦C 0.0000004 0.0000202 0.0000063 0.0000880

13.0◦C 0.0000003 0.0000528 0.0000044 0.0002339

15.2◦C 0.0000002 0.0000302 0.0000046 0.0001636

17.5◦C 0.0000006 0.0000629 0.0000179 0.0000525

19.8◦C 0.0000001 0.0002255 0.0000014 0.0000049

22.0◦C 0.0000002 0.0001433 0.0000004 0.0000008

24.3◦C 0.0000000 0.0001887 0.0000001 0.0000041

26.6◦C 0.0000000 0.0000887 0.0000302 0.0000779

28.9◦C 0.0000002 0.0000005 0.0066261 0.0096410

P-values were calculated for all data points of the cumulative preference graph for each

strain as shown in Figure 1 (paired t-test) and yield time as an important influential factor

in this experiment.

littermates, TRPM8−/− showed less cold avoidance only >24◦C
and the cumulative response function for TRPA1−/− seemed
shifted to higher temperatures, but this was significant only for
30◦C (p < 0.0001, ANOVA; Figure 1C). In the last 15min of
the 1 h observation, the DKO showed a large tolerance for
colder ring areas and they occupied all fields ≤29◦C longer
than TRPM8 or control mice (Figure 1D). For all temperatures
≤24◦C TRPM8−/− were again indifferent to control mice but
they showed—similar to the 15–40◦C environment—a broader
range of thermal preference spending significantly less time at
temperatures above 27◦ (Figure 1D). Comparison of the early
and late behaviors was different in all strains with higher levels
of significance than observed for the 15–40◦C environment
(Figures 1C,D and Table 1, bottom columns).

The preference temperature time course shown in Figure 2A

further illustrates the large differences in the cold avoidance
phenotypes of TRPM8−/− and DKO. Virtually all timepoints of
the timecourse of DKO locate to significantly lower weighted
preferred temperatures in comparison to both TRPM8−/− and
wildtype (Figure 2A). In addition the DKO had significantly
larger SD, even in the last 15 min of the measurement,
than wildtype and TRPM8−/−, which is indicative of a
more erratic behavior and a larger tolerance for the lower
temperatures (Figure 2A and Table 1). Again, similar to the

15–40◦C environment, TRPA1−/− appeared to be more sensitive
to cold and seemed to recognize the warmer areas faster (not
shown in Figure, compare parameters listed in Table 2). In the
final 15 min of the experiment, TRPM8−/− located at 1.2◦C
lower than wildtype (p = 0.2, ANOVA, Table 2), but only the
DKO displayed a significant reduction of preferred temperature
choosing 4.3◦C lower than wildtype and 3.1◦C lower than
TRPM8−/− (p= 0.0001, ANOVA, Table 2).

A more detailed view of the evolution of the cold avoidance
phenotype over time provides the histogram chart of the first
and last 15 min bins. It becomes apparent that in the first
15 min DKO avoided the colder zones ≤15◦C much less than
both wildtype and TRPM8−/− (Figure 2B, lower panel). In the
last bin of measurement time, the phenotype became more
obvious to include all ring areas ≤24◦C. Much in contrast,
both TRPA1−/− (not shown) and TRPM8−/− showed adequate
cold avoidance for these ring zones and were insignificantly
different from wildtype. The lack of TRPM8 distinctively affected
only temperatures above 24◦C, where the TRPM8−/− spent
less time on the 30◦C field and located instead rather between
25 and 28◦C. Of all strains, the DKO spent the least time
on the 30◦C field (Figure 2B, upper panel). The temperatures
of the largest phenotypic difference between TRPM8−/− and
wildtype was the range of 28–30◦C and for the DKO and
wildtype the range reached from 24–30◦C. Therefore, we
calculated time courses of thermal selection for these two
surface sections which cover the warmest 25 and 8% of the
ring area. For both time courses, DKO and TRPM8−/− are
significantly segregated at almost all time points, while the
TRPM8−/− displayed its largest differences to the wildtype
for discrimination of 28◦C. In numbers, the C57BL/6J mice
required 16 min to spend at least 2/3rd or more of their time
>24◦C, the TRPM8−/− required 22 min while the DKO never
showed such a large selection for the temperature >24◦C. The
differences between genotypes became larger when regarded
for the temperature >28◦C, where C57BL/6J mice required
34 min to spend 2/3rd or more of their time and both
TRPM8−/− and DKO never showed such a large preference
(Figures 2C,D).

Last but not least, we analyzed the general activity or
locomotion of the strains in the ring assay as amount of zone
transitions in the warm and cold thirds (Figure 3). For the cold
third this includes the large field that is required for automated
analysis (Touska et al., 2016) which is why counts include
transitions between five fields, while for the warm third the data
includes transitions between six fields (see sketches in Figure 3).
We therefore compared transitions in cold and warm thirds
between strains and between the 15–40◦C (Figures 3A,B) and
5–30◦C environments (Figures 3C,D). In all strains, and in both
environments, the number of transitions was higher in the first
half as compared to the second half of the measurement. In
the 5–30◦C environment, remarkably, TRPA1−/− had the least
number of zone transitions in the cold third and avoided entering
the cold areas in the second half of the experiment (p < 0.0001,
41.7 early and 2.5 late transitions in the cold third; Figure 3C).
While TRPM8−/− (73.1 early and 18.5 late transitions in the
cold third) were remarkably similar to C57BL/6J (66.5 early
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FIGURE 2 | Characterization of cold avoidance behavior in DKO in the 5–30◦C gradient. (A) Preference temperature time course in minute resolution illustrates a

significant segregation of weighted preferred temperatures of DKO (n = 20, dark blue) and TRPM8−/− (n = 19, cyan with white whiskers) and C57BL/6J mice (n =

20, gray). Note that DKO migrate to warmer zones, but have a higher SD than any other of the strains illustrating a broader tolerance for cold temperatures. Data are

3pt averaged. Error bars are SD (2nd moment). (B) Zone preference histograms of exploratory (1–15 min, bottom) and thermal preference behavior (46–60 min, top) of

C57BL/6J (gray), TRPM8−/− (cyan), and DKO (blue). Exploratory behavior (bottom) illustrates that DKO avoid colder floor temperatures less than TRPM8−/− and all

other strains. The deficit in cold avoidance of DKO becomes larger at the end of the observation time and leads to occupation of cooler floor temperatures (top). Error

bars indicate S.E.M. (C,D) Time courses of thermal selection. Percent time spent (C) >24.3◦C and, (D) >28.8◦C calculated in 1 min resolution (average of 60 values

per min) and subjected to 3 pt averaging. (C) Cold avoidance deficits of DKO become apparent in comparison to C57BL/6J and TRPM8−/−, but DKO still prefer

warmer areas and require more time to locate there (dashed line: 25.0% random probability). (D) Using the 30◦C field as discriminator, makes graded phenotypic

differences between all three strains apparent (dashed line: 8.3% random probability). Error bars indicate S.E.M. Asterisks in black and cyan indicate significant

differences for p < 0.05 (ANOVA) between DKO and C57BL/6J and DKO and TRPM8−/−, respectively. Black #: significant differences for p < 0.05 (ANOVA) between

TRPM8−/− and C57BL/6J.

and 19.5 late), DKO showed more than twice as many zone
transitions (154.3 early and 90.5 late) and, in contrast to all
other strains, the cold avoidance was not much increased in the
second half hour (p < 0.001, paired T-test; Figure 3C). With
respect to the zones >22◦C, again DKO showed the largest
number of transitions in both the early and late halves (early:
p < 0.0001 vs. TRPA1 and p = 0.02 vs. TRPM8−/−; late:
p < 0.001 vs. TRPA1, p = 0.001 vs. TRPM8, and p = 0.047
vs. C57BL/6J, ANOVA) while TRPA1−/− moved significantly
less than C57BL/6J (p = 0.048 ANOVA; Figure 3D). When
comparing the 15–40◦C and 5–30◦C environments, we found
that the DKO behaved indifferent in the respective cold thirds,

but different in the warm thirds for both early (cold: p = 0.8
and warm: 0.002) and late (cold: p = 0.3 and warm: 0.009).
Remarkably, TRPA1−/− had significantly less zone transitions
in the 5◦C cold third as compared to the 15◦C cold third for
both early (p = 0.0004) and late (p = 0.02, Student’s t-test;
Figures 3A,C).

These large behavioral phenotypic differences of the DKO
made apparent that lack of TRPA1 may cause larger deficits
in primary afferent cold detection than previously assumed. To
define the exact primary afferent electrophysiological correlates
contributed by TRPA1 and TRPM8, we quantified cold responses
of cold-sensitive fiber types in the mouse saphenous nerve
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TABLE 2 | Comparison of the strains in the 5–30◦C assay.

Bins Strains descriptors of distribution

Mean (◦C) ± SD SD Skew

1–15 min WT (C57Bl/6J) 21.82 ± 1.9 6.96 −0.61

TRPA1−/− 23.33 ± 2.7 6.70 −0.95

TRPM8−/− 20.24 ± 2.0 7.01 −0.45

DKO 18.44 ± 2.0 7.46 −0.14

15–30 min WT (C57Bl/6J) 26.12 ± 0.7 5.86 −1.74

TRPA1−/− 27.60 ± 3.6 4.73 −2.26

TRPM8−/− 24.54 ± 3.1 6.24 −1.27

DKO 21.38 ± 3.5 7.45 −0.62

30–45 min WT (C57Bl/6J) 28.96 ± 0.6 4.44 −2.94

TRPA1−/− 28.72 ± 2.2 2.96 −3.20

TRPM8−/− 26.81 ± 3.2 4.96 −2.25

DKO 23.52 ± 4.1 7.08 −1.11

45–60 min WT (C57Bl/6J) 28.68 ± 2.3 3.73 −3.57

TRPA1−/− 29.31 ± 1.2 2.20 −3.93

TRPM8−/− 27.46 ± 2.2 4.08 −2.78

DKO 24.37 ± 4.1 6.85 −1.37

Values of preference temperature, SD, and Skew in the circular running track equilibrated

between 5 and 30◦C. The skew in the 5–30◦C environment is negative and extends

a tail to the left. TRPM8−/− and DKO have a broader distribution extended to lower

temperatures which results in a less negative skew. The double knockouts have the

least left-skew distributions in all bins. This appears alongside with lower preferred

temperatures. Compare Touska et al. (2016) for the respective values in the 15–40◦C

gradient.

for TRPM8-positive and TRPM8-negative fibers of C57BL/6J,
TRPM8−/−, and DKO.

TRPM8 Increases Cold Responses and
Static Discharge of Mechanocold C-Fiber
Nociceptors
We first assessed cold nociceptors (C-mechano-cold, CMC,
and C-mechano-cold-heat, CMCH) and revisited our previous
sampling studies performed mainly in the background C57BL/6J
strain, but also in littermates of TRPM8−/− (Vetter et al., 2013)
where a distinction was made between TRPM8-positive and
TRPM8-negative cold nociceptors based on pharmacological
evidence. In the respective studies, all fibers were searched
randomly using a glassrod and the effects of menthol 50 or
500 µM, camphor 2 mM and XE991 10 and 100 µM on the
cold response were quantified after previous superfusion of
the receptive field for 4–5 min with these compounds at bath
temperature. All named compounds sensitize to cold only in
presence of a functional TRPM8 receptor (Zimmermann et al.,
2011; Vetter et al., 2013; Toro et al., 2015). One hundred and eight
C-mechano fibers were included and subjected to a new analysis
where the cold sensitive fibers (>3 spikes per 60 s cold stimulus)
were segregated into the two populations. In contrast to our
previous publications, we classified fibers now as CMC if they had
zero spikes during a heat ramp and as CMCH if they had at least

one spike during the heat stimulation, discharged close to or at
ramp’s peak, at least >44◦C. In CMC fibers, a burst in the middle
of the heat ramp around 40–44◦C is interpreted as paradoxic
heat response. With these criteria, 19 CMC and 29 CMCH were
identified and, thereof 15 CMC and 3 CMCH were positive for
a functional TRPM8. When we characterized the properties of
the cold responses in these four groups, we found that TRPM8-
positive CMC fibers (n = 26) generate 2.2-fold larger responses
and 2-fold higher peak firing rates than TRPM8 negative (n =

4) CMCs (see Table 3; p > 0.05, Student’s t-test). In CMCH-
fibers, TRPM8 caused a 3.5-fold larger response and increased the
peak discharge by 1.2-fold (p < 0.001 Student’s t-test; compare
Table 3). Irrespective of the fiber type, the difference a functional
TRPM8 makes to a cold nociceptor’s response reflects in an
almost 4-fold difference in response magnitude (24.7 ± 17.5 vs.
6.4 ± 3.5, p < 0.001, Student’s t-test, n = 30 each, Figures 4A,B)
and leads to higher peak (3.4 ± 2.8 vs. 2.0 ± 3.5, p = 0.03;
Figure 4C) and mean discharge rates (0.8 ± 0.6 vs. 0.5 ± 0.4,
p = 0.003). The presence of TRPM8 has also unique effects on
the shape of the response as it enables the fibers to produce a
sustained static response with much less adaptation in contrast
to TRPM8-negative fibers. With TRPM8 present, more than
84% of the response is discharged within seconds 16–60 of the
stimulus, where the temperature has already reached below 12◦C
and is only changing at a very slow rate. The static response is
reduced to 55% in absence of TRPM8 (p = 0.00005, Student’s t-
test, n = 30 each, Figures 4A,D). Interestingly, in the C57BL/6J
strain, TRPM8-positive nociceptors have 5◦C lower threshold
temperatures and started to discharge when the temperature
reaches 18.4◦C ± 4.7, while the TRPM8-negative nociceptors
activated already at 23.5◦C ± 5.7 (p = 0.0001, Student’s t-test;
Figure 4E).

We compared the basic fiber types and their encoding
characteristics to the 129S1/SvImJ mouse strain, because we
wanted to know how well they were maintained across inbred
strains. Both strains are evolutionary distant and belong to
different groups, the Castle’s mice and the C57/58 group, of
the mouse family tree (Petkov et al., 2004). This or other
129-related strains are frequently used as donor strain for the
generation of transgenic mice used in studies of the sensory
system, including TRP-channel knockouts and backcrossing over
variable generations involves a variable mixture of the genomes
of both strains. In the past, assumptions about primary afferent
differences in these strains were discussed as possible influence
on the lack of a warm-sensing phenotype of transgenic mice
lacking TRPV3 (Huang et al., 2011). The respective parameters
of these fiber types for these two strains are compared in Table 3.
In these strains the overall amount of cold nociceptors in the two
samples was rather similar and added to 44% in C57BL/6J and
40% in 129S1/SvImJ. Interestingly, the occurrence of the fiber
types CMC and CMCHwas inverse, although functional TRPM8
was present in a comparable fraction of cold-sensitive fibers (p
> 0.05, Chi-Square-test); remarkably, in the 129S1/SvImJ strain,
TRPM8-positive nociceptors had almost 6◦C higher threshold
temperatures and started to fire at 25.5◦C ± 3.8 (n = 8) than the
TRPM8-negative nociceptors which had thresholds at 19.9◦C ±

5.3 (n= 6, p= 0.04, Student’s t-test;Table 3) which is also inverse
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FIGURE 3 | Locomotor activity in warm and cold ring thirds. Locomotor activity is calculated as the number of individual zone transitions and illustrated as bar chart

for each strain and early (1–30 min, dark colors) and late (31–60 min, light colors) time bins. Sketches illustrate that zone transitions are calculated separately for (A,B)

the 15–40◦C environment with (A) the cold ring third <23◦C and (B) the warm ring third (>32◦C) and (C,D) the 5–30◦C environment with (C) the cold ring third

<13◦C and (D) the warm ring third (>22◦C). Note that all strains show fewer transitions in the 2nd 30 min in all conditions. Note that TRPA1−/− show strong cold

avoidance in (C) and the least transitions in the cold and completely avoid cold fields in the 2nd 30 min. DKO show almost three times as many transitions as

C57BL/6J or TRPM8−/− in the cold (C) and they exhibit the highest number of zone transitions in the warm third (D). Asterisks and hashtags refer to ANOVA

p < 0.05 and compare early and late values, respectively. N = 16–20 mice per strain. For details see text.

to the C57BL/6J strain. Other parameters, such as the magnitude
of the response and peak discharge rates were insignificantly
different between both strains (p = 0.23 and p = 0.53, Student’s
t-test, Table 3).

Lack of TRPM8 Causes Distinct Encoding
Deficits in Mechanocold C-Fiber
Nociceptors
In two previous sampling studies conducted in TRPM8-deficient
mice, which were both guided by a mechanical search stimulus,
we recorded from 54 mechanosensitive C-fibers (Vetter et al.,
2013) of which 16 were found to be cold sensitive. Virtually
all of these fibers were CMCH and the magnitude, mean and

peak discharge and the activation threshold temperature of the
cold response in these fibers was indifferent from the cold
response pattern of the TRPM8-agonist insensitive C57BL/6J-
based group (p > 0.5, Student’s t-test, Table 3, Figures 5A–E).
In addition, we searched for cold sensitivity in the knockouts by
slowly passing an ice cube over the skin—a search stimulus we
use to identify mechanoinsensitive cold receptors as described
in detail in Section Methods (Zimmermann et al., 2011). In
TRPM8−/− we were able to identify another population of
mechanosensitive fibers with larger cold responses than the
CMCH. Their response pattern was characterized by a high
threshold temperature around 30◦C and a vivid, dynamic cold
response. Remarkably, these cold responses had a comparable
magnitude as the TRPM8+ cold nociceptors in the wildtype
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FIGURE 4 | Cold response characteristics of TRPM8-positive and TRPM8-negative C57BL/6J mouse saphenous-nerve cold nociceptors. Distinction was based on

TRPM8 pharmacology (see text) and includes CMC and CMCH types. (A) Averaged histogram summarizing the cold responses of all TRPM8-positive (green, n = 30)

and TRPM8-negative (gray, n = 30) cold nociceptors in bins of 2s. Adjacent data points were subjected to 3pt averaging. (B–E) Quantification of parameters illustrates

TRPM8-positive cold nociceptor responses as (B) larger in response magnitude counted as action potentials per 60s cold stimulus (p < 0.0001), (C) higher in peak

firing frequency (p = 0.0001) (D) able to produce static, sustained responses quantified as fraction of the action potentials discharged during the constant cold

stimulus (16–60 s) (p < 0.0001) and, (E) with lower threshold temperatures (p = 0.0002). All values are given in Table 3. Asterisks refer to Student’s t-test. Boxes

illustrate median and upper and lower quartiles. Outliers are marked with stars; one outlier in (C) was out of range (value 18.3); outliers were not included in calculation

of mean and quartiles.

(p = 0.8, Student’s t-test, n = 7), but higher peak firing rates
(p = 0.02, Student’s t-test). In addition the static response was
reduced to as much as 23% as compared to the TRPM8+ cold
nociceptors (p < 0.001, Student’s t-test, Table 3, Figures 5A–E.
We located additional four receptive areas where at least two
fibers responded vividly to cold in a similar dynamic pattern
as observed with the seven single receptive fields. These fibers
could not be separated to single fiber level and were therefore
not included in the analysis, but they further illustrate that
this type of cold response appears in relative abundance in the
TRPM8−/−.

Lack of TRPM8 and TRPA1 Reduces the
Relative Frequency of Mechanocold
Nociceptors
We performed a new sampling study guided by a mechanical
search stimulus in the DKO. We recorded from 38
mechanosensitive C-fibers of 15 DKO mice. In this sample,
we identified six cold sensitive fibers (see Table 3), which is
about half as many as we found in TRPM8−/− (Figure 5F). We
also encountered 11 receptive fields were more than one fiber
responded to the thermal stimulation and four of these multi-
fiber recordings discharged in response to cold. Because these
fibers could not be separated to single fiber level they were not
included in the analysis of the cold response properties shown
in Figures 5A–E. In additional eight preparations from seven
mice, we used ice cubes and located additional eight receptive
fields with cold sensitivity. However in none of them, we found
responses similar to the properties of the mechanosensitive
dynamic cold nociceptors identified in TRPM8−/− and shown
in Figure 5A. All cold nociceptors in DKO, except one, had low
von Frey thresholds and belonged to the group of multimodal
cold nociceptors. Table 3 illustrates the properties of these
fibers, which were indifferent in all characteristics (response

magnitude, peak discharge, and static response, p> 0.3) from the
regular cold nociceptors identified in TRPM8−/−. Apparently
a considerable amount of cold nociceptors remains active in
DKO and produces remarkable responses although they are
increasingly difficult to find.

TRPM8 Is the Essential Cold Transducer in
Unimodal Cold Receptors
In the mouse, unimodal cold receptors were first characterized
in the cornea to encode constant temperatures around 34◦C
with continuous, graded impulse activity and small temperature
reductions with rapidly accelerating impulse activity. Corneal
cold thermoreceptors are sensitive to menthol and virtually
absent in the TRPM8-deficient mice (Parra et al., 2010).
Depending on the subtype, they exhibit cooling thresholds
around 32 or 28◦ and silence at 23 or 17◦C, respectively
(Gonzalez-Gonzalez et al., 2017). We first characterized a similar
fiber type in skin-nerve preparations of 129S1/SvImJ mice
(Zimmermann et al., 2011), albeit with a dynamic range that
includes noxious temperatures. In the C57BL/6J strain, when
compared to TRPM8-positive cold nociceptors, unimodal cold
receptors have 16-fold larger responses, 18-fold higher peak,
and 23-fold higher average firing rates (Figure 6A, Tables 3,
4). These properties are similar to the 129S1/SvImJ strain
(Table 4). In the skin CC-fibers cover a large dynamic range with
thresholds between 37 and 15◦C and impulse activity encoding
noxious temperatures below 10◦C. Only a small fraction CC-
fibers showed silencing above 17◦C as it is regularly observed
in the cornea (n = 1 of 22, marked with arrowhead; Figure 6B,
Table 4). Menthol was found to show an unequivocal sensitizing
effect only in aminority of fibers with high threshold temperature
as outlined in supplement of Zimmermann et al. (2011); in many
fibers menthol application caused a decreased response with
reduced peak firing rate and increased adaptation with some
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FIGURE 5 | Cold response characteristics and relative frequency of mouse saphenous-nerve cold nociceptors in TRPM8−/− and DKO. (A) Averaged histogram

summarizing the cold responses of two populations of TRPM8-deficient cold nociceptors (dynamic, low threshold type, pink, n = 7 and regular type, cyan, n = 16)

and cold nociceptors of DKO (blue, n = 13) cold nociceptors in bins of 2 s. Adjacent data points were subjected to 3 pt averaging. (B–E) Quantification of parameters

illustrating (B) response magnitude counted as action potentials per 60 s cold stimulus, (C) peak firing frequency, (D) static response quantified as fraction of the

action potentials discharged during the constant cold stimulus (16–60 s) and, (E) threshold temperature of activation. TRPM8−/− and DKO cold nociceptor types

produce cold responses with similar properties as the TRPM8-negative cold nociceptors displayed in Figure 4, but are different in all characteristics from the

dynamic, low threshold TRPM8−/− type (p < 0.008, ANOVA). (F) The relative frequency of regular cold nociceptors in a random sample of fibers searched by

mechanical stimulation is reduced in TRPM8−/− (n = 16 in 54) and DKO (n = 6 in 38) as compared to C57BL/6J (n = 18 TRPM8-positive and n = 30

TRPM8-negative cold nociceptors in 108). All values are given in Table 3. Asterisks refer to ANOVA. Boxes illustrate mean and upper and lower quartiles. Outliers are

marked with stars in (B–D) and were not included in calculation of mean and quartiles.

cold responses being entirely blocked (Zimmermann et al., 2011;
Toro et al., 2015). Given the encoding deficit of CC-fibers in
TRPM8-deficient mice (Toro et al., 2015), the lack of apparent
sensitization is not a lack of effect of menthol, but likely due to
excessive depolarization and inactivation of sodium channels.

To estimate the relative frequency of these fibers in the
saphenous nerve, we counted the number of cold spots (using
ice cube test) per thinly split nerve bundle. Cold spots where
then isolated with the Teflon ring and systematically evaluated
whether they were single fibers (for details see Section Methods).
In the C57BL/6J mice, we tested 54 bundles (see Table 4,
Figure 6C). In 10, we identified single or multiple unimodal
cold spots by slowly passing small ice cubes close to the skin
surface. None of them were sensitive to application of high
mechanical pressure with the glass rod. In TRPM8−/−, we tested
106 bundles in preparations from four mice and found only 3
cold spots. They were all sensitive to mechanical stimulation,
but shared more similarity with CC-fiber responses than to the
previously described multimodal nociceptors. In DKO mice we

tested 106 bundles from seven mice and identified one CC-
fiber like response; also this fiber was mechanosensitive, albeit
with a very high mechanical threshold. Presumably the relative
frequency of cold spots is strongly reduced in the absence of
TRPM8 and, TRPA1 may be involved in the encoding of some
of the remaining responses. In addition to the reduced incidence,
absence of TRPM8 reduced response magnitude, mean, and peak
discharge to one-fifth of the average wildtype cold spot response
(Figures 6D,E) and further increased adaptation (Figure 6F) and
led to a different threshold temperature (Figure 6G).

TRPM8 Function in A-Fiber Mechanocold
Nociceptors
The pattern of encoding cold stimulus intensity in murine Aδ-
fibers is different from that in C-fiber mechanocold nociceptors
and fromAδ-fibers in cats or primates; thismakes the significance
of this fiber type for cold temperature sensing in the mouse
somatosensory system difficult to judge. Cold-sensitive A-fibers
in both the C57BL/6J and the 129S1/SvImJ strain are infrequent.
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FIGURE 6 | Characteristics of monomodal thermoreceptors (CC-fibers) found in mouse saphenous-nerve of C57BL/6J, TRPM8−/− and DKO. The receptive fields

were identified by passing little ice cubes over the skin nerve preparation (see text). (A) Averaged histogram summarizing the cold responses of C57BL/6J (gray, n =

22), TRPM8−/− (cyan, n = 5) and DKO (blue, n = 1) in bins of 2 s. Adjacent data points were subjected to 3 pt averaging. Cold responses were reduced in both

transgenic strains and representative sample recordings are shown in the right panel for C57BL/6J in black and TRPM8−/− in cyan. The lower traces illustrate the

temperature time course. (B) Dynamic range of all CC-fibers. Closed squares represent temperature thresholds and closed circles mark temperature of last action

potential. Note that most CC-fibers in the mouse regularly encode noxious temperatures with slow adaptation <10◦C (one exception marked with arrowhead silenced

at 18◦C) which often corresponds to the lowest cold ramp temperature indicated in the graph (dashed line and SD as white area). (C) The relative frequency of

CC-fibers in the saphenous nerve is given as percentage and was estimated by determining the number of split bundles which contained CC-fibers. The search

included 54 fine splits in C57BL/6J, and 106 each in TRPM8−/− and DKO. (D–G) Quantification of parameters illustrating (D) response magnitude counted as action

potentials per 60 s cold stimulus, (E) peak firing frequency, (F) static response quantified as fraction of the action potentials discharged during the constant cold

stimulus (16–60 s) and, (G) threshold temperatures of activation. All values are given in Table 4. Asterisks refer to Student’s t-test. Boxes illustrate mean and upper

and lower quartiles.

In contrast to this appears the fact that stimulation with
temperatures below 0◦C excites all Aδ-fibers in the rat (Simone
and Kajander, 1997). With a stimulus temperature ramp between
30 and 5◦C, we found that Aδ-fibers have smaller cold responses,
lower peak and mean firing rates as compared to the C-fibers and
menthol has an almost negligible sensitizing effect. Aδ-fiber cold
responses also cover a variable range of thresholds (Table 5). In
addition, while cold responses in C-fibers nociceptors are steady
and reproducible (Zimmermann et al., 2009; Vetter et al., 2013),
in A-fibers repeatedly applied cold stimuli in intervals of 3–5 min
do often create highly variable responses or are not reproducible.
In Table 5, the encoding properties are therefore enlisted as
average of two consecutive cold stimuli. In our C57BL/6J sample
of 47 A-fibers, 25% (n = 12) of the fibers responded to cold,
but only 2 (17%) showed sensitization in response to 100 µM
menthol, i.e., increased their cold response or peak discharge
rate after application of menthol. Menthol may also act through
TRPA1 and a desensitizing effect due to depolarization shunt
may also be a sign of TRPM8 or TRPA1 expression, but
the small responses and the lack of reproducibility, make it
difficult to investigate molecular mechanisms. Nevertheless, in
the 129S1/SvImJ strain a similar small fraction of cold responses

were sensitized by 500 µM menthol (13%) and the A-fibers had
similar properties (Table 5). Because of these difficulties, we did
not search for this type of cold nociceptor in the knockout strains.

DISCUSSION

Our results illustrate that both TRPM8 and TRPA1 are required
for the detection of environmental cool and noxious cold
and seem to represent complementary or synergistic cold
transduction systems. From our behavioral findings, it appears
that the acute cold avoidance still observed in TRPM8−/− in
the temperature range between 28 and 15◦C is contributed by
the function of TRPA1, because DKO behaved indifferent from
random behavior. This early behavior is clearly different from
late behavior in the gradient and therefore more likely to be
correlated with sensory afferent activity. In the past TRPA1’s
contribution to cold avoidance was underestimated, because
it became only apparent in nocifensive assays, especially cold
plate and tail withdrawal, with results being divergent in the
literature (Kwan et al., 2006; Karashima et al., 2009; Gentry et al.,
2010; Pogorzala et al., 2013). TRPA1 function in cold sensing
is probably less ostensible, because our findings pointed out
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TABLE 4 | Properties of cold thermoreceptors in C57BL/6J and 129S1/SvImJ mice.

Strain n Number of action

potentials per 60 s

cold stimulus

Static cold response

as % of entire

response

Peak

DC (1/s)

Mean

DC (1/s)

Threshold

temperature
◦C

Conduction

velocity (m/s)

Test with

glass rod

Measured cold spot

density (% per tested

fiber bundles)

Mean

(min/max)

C57BL/6J 22 390.8 ± 193.3 54.8 ± 20.1 64.5 ± 30.7 18.4 ± 11.3 24.3 ± 5.0

(15.5/31.8)

Not

determined

All negative 18.5

(10/54; n = 3 mice)

129S1/SvImJ 11 382.6 ± 204.9 61.9 ± 30.5 57.1 ± 23.8 18.3 ± 10.1 26.6± 4.1

(21.1/34.9)

0.56 ± 0.43

(0.28/1.76)

All negative Not determined

TRPM8−/− 5 85.0 ± 45.5 31.1 ± 13.8 16.0 ± 6.5 4.9 ± 2.4 31.1 ± 2.0

(28.3/33.7)

Not

determined

2 positive 2.8

(3/106; n = 4 mice)

DKO TRPM8A1−/− 1 88 50 16.6 4.3 21.8 Not

determined

Very high

threshold

0.9

(1/106; n = 7 mice)

Recordings from 129S1/SvImJ were from a previous study (Zimmermann et al., 2011). In C57BL/6J and TRPM8−/− some recordings were included from a previous publication (Toro

et al., 2015); All values are mean ± SD.

TABLE 5 | Properties of cold-sensitive A-fibers in C57BL/6J and 129S1/SvImJ mice.

Strain Fiber

type

Frequency and

pharmacology of

TRPM8 status (+/−)

Number of Action

potential per 60 s

cold stimulusb

Peak DC of cold

response (1/s)b
Mean DC of cold

response (1/s)b
Thresh. temp. of cold

response (◦C)b
Conduction

Velocity (m/s)

von Frey

threshold (mN)

Mean (min/max) Mean (min/max) Median

(min/max)

C57BL/6J

n = 47

AM 35

(75%)

+ 3

(8.6%)a
9.0 ± 7.0 1.8 ± 1.1 0.6 ± 0.3 19.4 ± 2.4 3.3 ± 1.9

(1.8/5.5)

4.0

(4/4)

− 32

(91.4%)

− − − – 8.4 ± 3.6

(1.1/13.6)

4.85

(1/22.6)

AMC 12

(25%)

+ 2

(17%)

1.5 ± 0.0 0.02 ± 0.0 0.01 ± 0.0 15.6 ± 6.7

(9.4/29.6)

5.5 ± 4.2

(2.5/8.4)

3.4

(2.8/4)

− 10

(83%)

5.3 ± 4.6 1.6 ± 1.4 0.6 ± 0.5 15.8 ± 5.6

(6.6/24.8)

8.0 ± 2.7

(6.5 /11.8)

4.9

(2/16)

129S1/SvImJ

n = 65

AM 50

(77%)

+ 3

(6%)a
12.3 ± 2.3 33.2 ± 38.2 4.4 ± 4.1 26.2 ± 1.5

(25.1/27.2)

8.7 ± 3.0

(5.2/10.7)

1.0

(1/16)

− 47

(94%)

− − − – 7.6 ± 3.6

(1.6/15.8)

1.0

(1/16)

AMC 15

(23%)

+ 2

(13%)

10.0 ± 9.9 2.7 ± 3.4 0.5 ± 0.5 26.6 ± 4.3

(23.6/29.6)

8.3 ± 9.7

(1.5/15.2)

4.3

(2.8/5.7)

− 13

(87%)

10.1 ± 9.4 15.5 ± 31.4* 4.3 ± 8.0 21.3 ± 7.8

(6.8/30.9)

7.2 ± 3.7

(1.4/13.4)

1.0

(1/45)

Recordings from 129S1/SvImJ were from a previous study (Zimmermann et al., 2011). anew cold response after menthol 500 µM (129S1/SvImJ) or 100 µM (C57BL/6J); bCalculated

from the mean of two consecutive cold stimuli; All values are mean ± SD.

that it acts as cold transducer in a proportion of the TRPM8-
deficient cold nociceptor fibers which produce smaller responses,
fire at lower rates, and are more prone to adaptation upon
constant cold stimulation than the dominant TRPM8-expressing
cold nociceptor and thermoreceptor types. A recent study
using the ex vivo somatosensory system preparation investigated
the difference in cold-activated firing in TRPM8-positive and
negative neurons and confirmed peak instantaneous frequency to
be highest in TRPM8-positive neurons (Jankowski et al., 2017).

More complex behavioral setups, such as the 2TC assay, our
thermal gradient ring or the elongated form of the thermal
gradient test integrate multiple level information including
primary afferent detection, spinal cord processing and brain

processes of perception, decision making, and thermoregulation
(Touska et al., 2016). In this sense, we already found a remarkable
speeding of warm seeking behavior in the 15–40◦C ring track
(Touska et al., 2016) and we confirmed here that in the 5–30◦C
environment, TRPA1−/− have a remarkable lack of early and late
locomotive behavior in the cold zones <13◦C which may be due
to a wiring of TRPA1-pathways to warm-sensing pathways in the
spinal cord similar to other observations (McCoy et al., 2013) or
have to do with TRPA1 being also active as heat sensor (Moparthi
et al., 2014; Yarmolinsky et al., 2016).

We observed that TRPM8 empowers cold nociceptors to
produce sustained cold responses in nociceptors and that it is
largely required to encode graded cold stimuli in the unimodal
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thermoreceptors (Zimmermann et al., 2011; Toro et al., 2015)
and we also found that these two features are apparently not
or only little compensated when TRPM8 is lost. Therefore,
TRPA1’s distinctive contribution to cold avoidance behavior
must necessarily become more apparent in the absence of
TRPM8 and, on the other hand, the lack of cold transduction
by TRPA1 is in large parts compensated by the dominant
and powerful TRPM8 transducer. When estimated from our
recordings, cold nociceptors deficient of TRPM8 produce one
quarter or one-fifth (depending on the strain) of the response of
TRPM8+ nociceptors, but they activate at 5◦C higher thresholds
and they represent the larger proportion of the cold nociceptors
(∼60% in both strains). The distinct features of this fiber
class may therefore be able to compensate well for lack of
TRPM8 in the larger ring environment with the higher thermal
resolution, but they are apparently less efficient in the smaller
ring environment with the steeper gradient (Touska et al.,
2016).

The resistance of TRPM8+ nociceptor cold responses to
adaptation appears quite striking. It is likely that this is not a
feature of the TRPM8 receptor alone, although it is known that
a number of cellular signaling pathways including presence of
phosphatidylinositol 4,5-bisphosphate and reduced activity of
phospholipase C (Yudin et al., 2011, 2016) sensitize TRPM8 to
produce larger currents in vitro, it is also likely that TRPM8
activation triggers secondary responses, such as the closure of
the panneuronal M-channels which lead to substantial increase
in the static response of the cold nociceptors (Vetter et al.,
2013).

The DKO mice have remarkably larger cold avoidance
deficits than TRPM8−/− and this even affected their preferred
temperature range at the end of the 60 min measurement
where they show a largely erratic behavior. Although, DKO
act randomly in the first 15 min in the ring track adjusted
to 15–40◦C, where other strains already show distinctive cold
avoidance, cold avoidance is still not extinguished in this
strain. When noxious cold temperatures are included and
ring temperatures lowered to 5–30◦C, clear cold avoidance—
although much less than in any other strain—became apparent.
The DKO do also still judge warmer areas as preferable
during late observation periods which may account for other
cold transduction mechanisms of which for example KCNK
potassium channels are identified and act synergistic to the
cooling-induced excitability increase (Zimmermann et al., 2007;
Noel et al., 2009; Palkar et al., 2015) or the recent suggestion of
a NaV1.9 carrying fiber population with separate transduction
mechanism (Lolignier et al., 2015) could be a match. The delayed
onset of cold avoidance in DKO is explained by the large lack
of two populations of cold nociceptors and the largest part of
the unimodal cold thermoreceptors. Nevertheless, DKO cold
nociceptors are still able to produce large cold responses although
they are scarce and appeared as outlier in our fiber survey, they
are apparently sufficient to mediate slow onset cold avoidance to
noxious temperatures.

In part our results are in conflict with results from a
2TC assay and with measurement of c-fos expression that
identified DKO as indifferent from TRPM8−/− (Knowlton et al.,
2010). We previously found evidence with fMRI measurements

in TRPA1-deficient mice that support TRPA1-mediated cold
temperature detection at 15◦C (Vetter et al., 2012). These
conclusions are supported by the present findings in the thermal
running track, where DKO, but not TRPA1−/− or TRPM8−/−,
move randomly (in the 15–40◦C gradient) for the temperatures
between 27 and 15◦C during the early exploratory phase.
Nevertheless, cold avoidance does evolve over time in DKO and
becomes apparent in the final 15 min of the measurement and
much more pronounced with inclusion of noxious temperatures.
We believe that the circular gradient assay does provide a more
accurate measure of cold avoidance and preference behavior,
as it enforces locomotion in mice. This setup also enforces
the repeated exposure to cold temperature as the absence of
corners or semi separating walls does not restrict movements or
provoke counterproductive idleness (Dhaka et al., 2007; Touska
et al., 2016). In our setup, it is therefore likely that the mice do
avoid cold deliberately and specifically, unless they lack either
the ability to perceive cold or the ability to learn to avoid
it, which means that memory deficits should affect the cold
avoidance readout in later time bins. Although, TRPA1 channels
where recently shown to be involved in hippocampal long-term
potentiation (Shigetomi et al., 2013), it is likely that this did not
affect the cold avoidance measure, because the TRPA1−/− acted
like the matched C57BL/6J control and DKO still did show a
significant evolution of its reduced cold avoidance phenotype at
later time points.

Surprisingly, in contrast to previous measurements in the
2TC assays (Bautista et al., 2007; Dhaka et al., 2007), the cold
avoidance deficit of TRPM8−/− is relatively small in the 5–30◦C
gradient assay, and is apparent only in a broader early and late
distribution in the 12-zone histogram for the warmest three
zones, which is in accordance with the findings in the 15–40◦C
environment, where we also identified a broader distribution
in the late bins. This is also visible in the cumulative response
functions for both temperature ranges. Nevertheless, the huge
cold avoidance deficit of the TRPM8−/− in the small ring with
the lower resolution (Touska et al., 2016) implies that cold
temperature encoding integrates many different factors including
the stimulus characteristics, differential afferent activity and
activation of different cold pain pathways and their wiring in the
spinal cord.
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Summary 
Gain-of-function (GOF) mutations in ion channels are rare events, 

which lead to increased agonist sensitivity or altered gating 

properties, and may render the channel constitutively active. 

Uncovering and following characterization of such mutants 

contribute substantially to the understanding of the molecular 

basis of ion channel functioning. Here we give an overview of 

some GOF mutants in polymodal ion channels specifically 

involved in transduction of painful stimuli – TRPV1 and TRPA1, 

which are scrutinized by scientists due to their important role in 

development of some pathological pain states. Remarkably, 

a substitution of single amino acid in the S4-S5 region of TRPA1 

(N855S) has been recently associated with familial episodic pain 

syndrome. This mutation increases chemical sensitivity of TRPA1, 

but leaves the voltage sensitivity unchanged. On the other hand, 

mutations in the analogous region of TRPV1 (R557K and G563S) 

severely affect all aspects of channel activation and lead to 

spontaneous activity. Comparison of the effects induced by 

mutations in homologous positions in different TRP receptors (or 

more generally in other distantly related ion channels) may 

elucidate the gating mechanisms conserved during evolution. 
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Introduction 
 
The family of Transient Receptor Potential 

(TRP) ion channels mediates numerous sensory 
transduction processes, such as thermosensation, 
mechanosensation, sensation of irritative chemicals and 
different kinds of taste (for more information,  
see the TRP channel database: http://www.iuphar-
db.org/DATABASE/FamilyMenuForward?familyId=78).
As the voltage dependent potassium (Kv) channels, the 
TRP channels consist of four subunits, each with N- and  
C-terminal cytoplasmic domains, six transmembrane 
regions (S1-S6) and the central pore lined by S5 and S6 
together with the loop between them (Fig. 1A) 
(Moiseenkova-Bell and Wensel 2011, Kalia and Swartz 
2013). Among TRP channels, TRPV1 and TRPA1 are 
known to be specialized to transduce painful stimuli in 
mammals (Moran et al. 2011, Nilius and Owsianik 2011, 
Nilius et al. 2012). High temperature, low pH and some 
natural pungent compounds such as capsaicin act on 
TRPV1 to elicit nociception. TRPA1 is targeted by many 
environmental irritants including allyl isothiocyanate, 
responsible for the pungent taste of horseradish, and 
cinnamaldehyde from cinnamon. The activity of both 
channels is also modulated by voltage, but their 
sensitivity to depolarization is much lower than in Kv 
channels. Different parts of TRP channels are responsible 
for the sensitivity to different agonists (Nilius and 
Owsianik 2011, Winter et al. 2013). Due to the resulting 
allosteric gating, it is necessary to have in mind the 
complex character of TRP channels when evaluating the 
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mutational analysis data. Gain-of-function (GOF) 
mutation may enhance the responses of the channel to 
one type of stimuli, but sensitivity to other agonists may 
be unchanged or even diminished. Amino acid 
substitutions which affect gating can lead to altered 

phenotype regarding to all aspects of channel activation 
(Myers et al. 2008b, Minor 2009, Pertusa et al. 2012). 
Such GOF mutations are invaluable in elucidating the 
mechanisms of signal transduction from different 
domains of the protein complex to channel gating. 

 
 

Fig. 1. (A) The topology of TRP channel 
subunit, that is formed by six transmembrane 
spanning domains (in orange), N- and C- 
cytoplasmatic ends. N-terminus contains 
ankyrin repeat domain (ARD), that is 
important in channel regulation. The regions 
containing gain-of-function mutation of TRP 
channels are depicted in darker color – 
extracellular part of the first transmembrane 
domain S1, loop between S4 and S5 helix  
(S4-S5) and the pore helix situated in the 
linker between S5 and S6. (B) Upper traces, 
representative whole cell patch clamp current 
recordings in response to voltage steps (from 
–120 mV to +200 mV) in HEK293T cells 
transfected with wild-type TRPV1 and G563S 
mutant. Lower trace, normalized 
conductance-voltage relationship obtained 
from steady state currents at the end of the 
pulse. The voltage depencence of G563S 
mutant is shifted towards less depolarizing 
voltages compared to wild-type TRPV1. 
(C) The sample recording of whole cell 
current responses of wild-type TRPV1 (upper 
trace) and G563S mutant (lower trace) to 
consecutive applications of low pH and 1 μM 
capsaicin. Holding potential –70 mV. Note the 
inhibitory effect of protons (pH 6.8) on 
TRPV1-G563S channel function, shown in 
inset. (D) Upper traces, representative 
current traces of wild-type TRPA1 and its 
N855R mutant in response to indicated 
voltage step protocol (voltage steps from  
–80 mV to +200 mV; increment +20 mV; 
holding potential –70 mV). Lower trace, 
normalized conductance-voltage relationship 
for wild-type TRPA1 (white symbols) and 
N855R mutant (blue symbols) fitted with 
Boltzmann equation. The data were obtained 
using the same voltage step protocol as 
shown in upper traces. (E) Time course of 
representative whole cell currents through 
human TRPA1 measured at +80 mV (upper 
trace) and –80 mV (lower trace). The 
horizontal bars above the records indicate the 
duration of 100 μM cinnamaldehyde and Ca2+ 
application. The chemical sensitivity of N855R 
mutant is increased and the inactivation 
kinetics is faster than in wild-type TRPA1. The 
voltage dependence of N855R mutant is 
unchanged. The data represent the means ± 
standard error. 
 

 
 

GOF mutants in TRPV1 – proton sensitized 
or inhibited? 

 
Several GOF mutants of the TRPV1 ion channel 

were revealed by unbiased genetic screening of a 

randomly generated population of TRPV1 mutants, 
which were tested for the ability to cause growth defects 
when expressed in yeast strains (Myers et al. 2008a). 
Two of the uncovered mutations, K160E and K155E, are 
located in the ankyrin repeat domain (ARD). These two 
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lysine residues were previously shown to modulate 
TRPV1 sensitivity and desensitization properties by 
binding ATP and calmodulin (Lishko et al. 2007). The 
study of Myers and colleagues (2008a) also revealed the 
important role of the outer pore region in TRPV1 gating. 
When mutated, the phenylalanine F640 and adjacent 
threonine T641 residues located in the putative flexion 
between pore helix and selectivity filter render the 
TRPV1 channel constitutively active with increased basal 
activity and enhanced chemical sensitivity. The authors 
hypothesised that F640L and T641S mutations mimic the 
proton-potentiated state, as they were insensitive to 
proton-mediated potentiation. 

In our project aimed at mutational analysis of the 
transmembrane region of the TRPV1 ion channel, we 
depicted several overactive mutants with strikingly 
similar phenotypic properties comprising increased basal 
activity and voltage sensitivity, altered kinetics of 
capsaicin-induced responses and incomplete deactivation 
after capsaicin washout. In contrast to wild-type TRPV1, 
low pH neither activates nor potentiates these GOF 
mutants, but instead stabilize their resting conformation 
(Pertusa et al. 2012) (Fig. 1B,C). These findings were 
surprising to us, considering that the mutations are 
located in distant regions of the protein subunit, such as 
(i) extracellular portion of S1 (R455K mutation), 
(ii) lower part of S4 and S4-S5 linker (R557K and 
G563S) and (iii) pore helix (T633A) (Boukalova et al. 
2013). 

Uncovering the GOF mutations in the S4/S4-S5 
region is consistent with its putative role in voltage 
sensing and signal transduction from peripheral domains 
(S1-S4) to the pore-forming domain subsequently leading 
to the opening or closing of the channel (Boukalova et al. 
2010). On the other hand, finding of constitutively active 
mutant with single amino acid substitution in the 
peripheral region of TRPV1 protein complex was not 
expected. So far, R455K is the only overactive mutation 
found in the S1-upper S4 region of TRPV1 protein 
complex, which forms binding capsule for chemical 
agonists (Jordt and Julius 2002, Gavva et al. 2004), but 
which direct role in ion channel gating was not presumed. 
According to previously published homology model of 
TRPV1 tetramer (Brauchi et al. 2007), it seems that 
arginine R455 and threonine T633 in the pore helix of 
adjacent subunit could be in close proximity. We 
hypothesized that, in analogy to Kv channels, S1-pore 
interface between neighbouring subunits of TRPV1 might 
serve to stabilize conformations associated with channel 

gating (Lee et al. 2009). This presumption could explain 
the similarity of R455K and T633A mutant phenotypes 
and the crucial role of arginine in S1 in TRPV1 gating. 

The most prominent feature of the GOF mutants 
described recently by us is the lack of low pH-induced 
activation. Conversely, relatively mild acidification of the 
extracellular solution inhibits the spontaneous activity 
and also the inward current remaining after capsaicin 
washout in R455K, R557K, G563S and T633A (Fig. 1C). 
Unlike in the outer pore region mutants F640L and 
T641S (Myers et al. 2008a), the phenotype of these 
mutants cannot be simply explained as mimicking the 
proton-potentiated state of TRPV1, as they failed to be 
activated by severe acidification of the extracellular 
solution (pH 5.5). In addition, in R455K, T633A and the 
S4-S5 overactive mutants we observed significantly 
slowed kinetics of the first capsaicin-induced response, 
which does not correspond to low pH-stimulated wild-
type TRPV1 characterized by much faster onset rate of 
responses elicited by capsaicin. 

In R455K, R557K, G563S and T633A, the 
washout phase of current responses after removal of 
capsaicin was markedly slowed down and the current 
did not deactivate to the basal level. The subsequent 
application of capsaicin led to rapid augmentation of the 
current amplitude, which in some cells was followed by 
again much slower onset phase (Fig. 1C). It appears that 
once exposed to capsaicin, the closed state of mutant ion 
channels is acutely destabilized. On the other hand, mild 
acidification of the extracellular space (pH 6.8) resulted 
in rapid and irreversible deactivation of the basal activity 
and also the current remaining after capsaicin washout. 
Overall, it seems that the overactive mutants can adopt at 
least two modes of activation and it is possible to switch 
between them using either capsaicin (to open the channel 
and leave it opened) or low pH (to close the channel and 
leave it closed). The question is whether this feature is 
unique for the GOF mutants, or whether it reflects innate 
phenotypic aspects of wild-type TRPV1 unmasked by the 
mutations. The later option is favoured by the fact that the 
same phenotype is found in several TRPV1 mutants with 
single amino acid substitution in different parts of the 
protein. 

 
Gain-of-function: which function of the 
many? 
 

High throughput unbiased functional screens  
and a combination of molecular evolution-selection 
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approaches helped to reveal a number of interesting 
mutants in TRPV1, TRPV3 and TRPM8 channels 
(Bandell et al. 2006, Grandl et al. 2008, 2010, Myers et 
al. 2008a). Pools of many thousands of mutants have 
been explored using random mutagenesis and calcium 
imaging in transfected HEK293 cells which led to the 
identification of some key regions of these channels that 
are likely to be important for channel activation or pore 
permeation (Pertusa et al. 2012). However, for the 250 
residue transmembrane part of the TRPV1 channel 
subunit, for example, the theoretical number of possible 
sequences is 20250 which is a number exceeding our 
imagination and all our experimental capacities. 
Moreover, for the thermosensitive TRP channels, the 
prototypically polymodal ion channels, it is important to 
test as many aspects of function as possible for each 
mutant because the activation modes can be readily 
uncoupled. No doubt, the chance of discovering a 
mutation that changes the function of an ion channel has 
to be greatly increased by combining an appropriate 
analogy, reasoning and informed intuition.  

In our recent project focused on the sixth 
transmembrane domain of the human transient receptor 
potential ankyrin receptor subtype 1 (TRPA1) channel 
(Story et al. 2003, Jordt et al. 2004), we aimed to identify 
residues that are likely to be core elements of the gating 
mechanism (Benedikt et al. 2009). This channel can be 
activated by a vast number of pungent and irritant 
chemicals that either covalently interact with 
(isothiocyanates, cinnamaldehyde, acrolein, allicin, 
oxidants and lipid peroxidation products) or bind to 
TRPA1 (cannabinoids, icilin, eugenol, thymol, nicotine), 
and can also be activated by deep cooling (<17 °C) or 
depolarizing (>+100 mV) voltages (Bandell et al. 2004, 
Corey et al. 2004, Bautista et al. 2005, Macpherson et al. 
2005, Nagata et al. 2005, Sawada et al. 2007, Caceres et 
al. 2009, Hu et al. 2009, Karashima et al. 2009, Andrade 
et al. 2012, Nilius et al. 2012). Using mutagenesis, 
electrophysiology and sequence homology with certain 
potassium and sodium channels, we identified several 
residues within the S6 inner pore-forming region that 
contribute to allyl isothiocyanate (AITC) and voltage-
dependent gating. We found that alanine substitution in 
the conserved mid-S6 proline (P949A) strongly affected 
the activation/deactivation and ion permeation. The 
P949A was functionally restored by substitution with a 
glycine but not by the introduction of a proline at 
positions –1, –2 or +1, which indicated that, just like in 
Kv channels, a flexible residue in the middle of S6 is 

structurally required for the normal functioning of the 
TRPA1 channel. Notably, we found a residue N954, at 
which alanine substitution generated a constitutively open 
(i.e. GOF) phenotype, suggesting a role in stabilizing the 
closed conformation. In a prospective unbiased functional 
screen, this mutant would probably remain unrecognized 
or misinterpreted as a loss-of-function, because AITC, at 
first, only slightly potentiates the currents through the 
N954A channels, but this is followed by a complete 
inactivation at negative membrane potentials (Benedikt et 
al. 2009). Our results also pointed to important functional 
roles for the two distal glycines G958 and G962, 
comprising the distal GXXXG-motif. The G958A “GOF” 
mutation strongly decreased the inactivation rate of 
AITC-induced whole-cell currents, whereas the G962A 
mutation led to a dramatically delayed onset of the 
secondary phase of AITC-induced activation, indicating 
that the distal G962 stabilizes the open conformation. 
G958, on the other hand, provides additional tuning 
leading to decreased channel activity. It seems likely that 
these two glycines play a role similar to that of the distal 
bi-glycine motif G(X)3G of the conserved IS6 domain of 
the CaV1.2 and CaV2.3 channels (Raybaud et al. 2006).  

In fact, for the polymodal TRPA1 ion channel, it 
is not easy even only to define what is the “gain-of-
function” because the channel has various activation 
modes and undergoes desensitization which depends on 
many factors, including its own activity (Story et al. 
2003, Jordt et al. 2004, Nilius and Owsianik 2011, Nilius 
et al. 2012). For example, by performing the systemic 
neutralization of 27 positively charged residues within the 
C-terminal tail of human TRPA1, we identified eight 
residues that are important to the allosteric regulation of 
the channel by chemical and voltage stimuli (K969, 
R975, K989, K1009, K1046, K1071, K1092, and R1099). 
In addition, we revealed three charge-neutralizing “GOF” 
mutants (R975A, K988A, and K989A) which exhibited 
higher sensitivity to depolarizing voltages, indicating that 
these residues may be directly involved in the voltage-
dependent regulation (Samad et al. 2011). However, the 
currents induced by AITC at negative membrane 
potentials were small or indistinguishable from wild-type 
in these mutants.  

 
GOF mutants in the distal C-terminal acidic 
motif of TRPA1 

 
An ubiquitous and physiologically important 

modulator of TRPA1 are calcium ions (Ca2+), which enter 
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through the open channel, or are released from internal 
stores, and dynamically control channel opening 
probability, unitary conductance, ion selectivity (Nagata 
et al. 2005, Cavanaugh et al. 2008, Patil et al. 2010, 
Nilius and Owsianik 2011), but also surface expression 
levels (Schmidt et al. 2009). Intracellular Ca2+ ions 
activate the channel at micromolar concentrations 
(EC50=0.9-6 µM) (Doerner et al. 2007, Zurborg et al. 
2007) and strongly potentiate chemically and voltage-
induced responses (Wang et al. 2008). This potentiation 
is followed by an almost complete and irreversible 
inactivation, and both processes are accelerated at higher 
intracellular concentrations of Ca2+. In our recent study, 
we identified the residues within the distal C-terminal 
domain of TRPA1 that when mutated affected the Ca2+- 
and voltage-dependent gating of the channel (Sura et al. 
2012). This study revealed several acidic residues in the 
TRPA1 cytosolic C-terminus that play important roles in 
Ca2+-dependent modulation and may represent a 
candidate region for the site of Ca2+ binding. According 
to our molecular dynamics simulations, the 
I1074ISETEDDDS1083 motif has been shown to form a 
Ca2+ binding loop, in which the two residues D1080 and 
D1082 are predicted to be crucial for binding Ca2+, 
whereas the side chains of I1074 and E1077 are in 
contact with the calcium ion using their main chain 
carbonyl oxygen atoms. We identified residues E1073, 
E1077, D1080, D1081, and D1082, the specific 
properties of which are not involved in cinnamaldehyde 
activation but all appear to be most important for the 
modulation of the TRPA1 channel by Ca2+. Notably, we 
found two mutants in this region, E1077A and E1077K, 
in which the degree of potentiation of cinnamaldehyde 
responses by 2 mM Ca2+ was markedly reduced 
obviously due to their initial close-to-saturation state at 
+80 mV. We reasoned that this sensitizing effect might 
reflect either a gain-of-function (constitutively active) 
phenotype or tonic activation due to an increased 
expression of the mutant channels on the cell surface. 
In this region, we identified two strong consensus 
phosphorylation motifs containing S1076 and T1078, 
both predicted to be targeted by casein kinase CK2. 
Therefore, we tested additional mutants in which either 
serine or threonine were replaced by either alanine or 
aspartate to mimic the nonphosphorylated and 
phosphorylated forms of the TRPA1 protein, 
respectively. We found that the nonphosphorylatable 
mutant S1076A and the phosphorylation-mimicking 
S1076D mutant channels were normal in all general 

aspects of functionality. Mutation T1078A exhibited 
substantially reduced responses to voltage and 
cinnamaldehyde and was capable of strong potentiation 
by 2 mM Ca2+, whereas mutation T1078D resulted in 
TRPA1 channels whose conductance to voltage 
relationships were also strongly augmented and shifted 
toward less depolarizing potentials. These findings 
indicate that the functional changes caused by other 
substitutions in this region are likely to be steric or local, 
rather than related to changes in the phosphorylation-
dependent membrane insertion of the channels. We, 
however, did not exclude the possible involvement of 
these amino acid residues in the recently proposed 
mechanism by which localized Ca2+ influx upon channel 
activation controls TRPA1 functionality through its acute 
translocation to the membrane (Schmidt et al. 2009). 

 
GOF mutant of TRPA1 – pain-related 
channelopathy 

 
The TRPA1 channel has been recently linked to 

a heritable human pain disorder (Kremeyer et al. 2010). 
In the S4-S5 linker of TRPA1, the missense mutation 
N855S that leads to increased channel activity has been 
revealed as a cause of familial episodic pain syndrome 
manifested as paroxysmal pain induced by tiredness, 
fasting or cold (Kremeyer et al. 2010). In their study, the 
authors demonstrate that the N855S mutant exhibits a  
4-fold increase in inward currents on activation by 
cinnamaldehyde, menthol, the endogenous aldehyde  
4-hydroxynonenal, or cold at normal resting membrane 
potentials. Removing extracellular Ca2+ ions shifted the 
voltage-dependent activation by +20 mV in both the 
wild-type and the N855S mutant, but under the Ca2+-free 
conditions, the cooperativity of voltage-dependent gating 
decreased only in N855S, but not in the wild-type TRPA1 
channels. This finding was interpreted as indicating that 
this mutation might destabilize the closed conformation 
of the channel, which could account for a more general 
effect on channel gating (Smith-Maxwell et al. 1998) and 
is consistent with the proposed functional role for the  
S4-S5 linker in the gating of other thermosensitive TRP 
channels (Brauchi et al. 2007, Voets et al. 2007, 
Boukalova et al. 2010). It is generally accepted that the 
electrophilic compounds, such as allyl isothiocyanate 
activate TRPA1 through covalent binding at specific 
cysteine residues on the intracellularly located  
N-terminus (Hinman et al. 2006, Macpherson et al. 2007, 
Kang et al. 2010). It is, however, not known how 
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covalent cysteine modifications translate into TRPA1 
activation. Simulations based on a low-resolution electron 
density map indicate that the chemical signal can be 
readily conveyed through cytoplasmic domains to the 
intracellular channel gate (Cvetkov et al. 2011). Although 
to discern the individual activation pathways in TRPA1 is 
very difficult even if we knew the actual structure of the 
channel (Cvetkov et al. 2011), it can be supposed that, 
analogous to Kv channels, the conformational changes 
within the S1-S4 “sensors” are converted by the inner  
S4-S5 linker helices directly into gate opening and 
closing through the motions of the S6 inner helices which 
dilate (open) and constrict (close) the pore entryway 
(Long et al. 2005a,b, 2007, Brauchi et al. 2007, Benedikt 
et al. 2009, Salazar et al. 2009). Interestingly, we found 
that the introduction of a positively charged residue at 
position N855 (N855R) increased the TRPA1-mediated 
current responses to cinnamaldehyde and speeded up the 
inactivation kinetics without affecting conductance to 
voltage relationships (Fig. 1D,E). This indicates that the 
mutation altered the chemical but not the voltage 
activation pathway of the TRPA1 channel.  

 
Future perspectives 

 
Chronic pain conditions, resulting from disease, 

injury or inherited, cause unimaginable suffering and 

constitute a huge burden for the individual and society. 
Both, TRPV1 and TRPA1 are implicated in acute and 
chronic pain states and are intensively studied as potential 
therapeutic targets (Brederson et al. 2013). Mutations in 
genes encoding ion channels associated with nociceptive 
pathways, e.g. voltage-gated sodium, potassium and 
calcium channels, TRP channels, ASIC channels or 
purinergic receptors, have been described to cause a 
variety of pathological states (Cregg et al. 2010, Lampert 
et al. 2010, Raouf et al. 2010, Nilius and Voets 2013, 
Waxman 2013). It is likely that with ongoing research 
further mutations will emerge and therefore future 
structural and functional studies will be necessary to 
enhance our understanding of the unique features of these 
channels and to elucidate how their pain-related 
functioning can be manipulated to therapeutic advantage. 
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