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Abstract

The molecular sensor of innocuous (painless) cold sensation is well-established to be Transient 

Receptor Potential cation channel, subfamily M, member 8 (TRPM8). However, the role of 

Transient Receptor Potential cation channel, subfamily A, member 1 (TRPA1) in noxious (painful) 

cold sensation has been controversial. We find that TRPA1 channels contribute to the noxious cold 

sensitivity of mouse somatosensory neurons, independent of TRPM8 channels, and that TRPA1-

expressing neurons are largely non-overlapping with TRPM8-expressing neurons in mouse dorsal-

root ganglia (DRG). However, relatively few TRPA1-expressing neurons (e.g., responsive to allyl 

isothiocyanate or AITC, a selective TRPA1 agonist) respond overtly to cold temperature in vitro, 

unlike TRPM8-expressing neurons, which almost all respond to cold. Using somatosensory 

neurons from TRPM8 −/− mice and subtype-selective blockers of TRPM8 and TRPA1 channels, 

we demonstrate that responses to cold temperatures from TRPA1-expressing neurons are mediated 

by TRPA1 channels. We also identify two factors that affect the cold-sensitivity of TRPA1-

expressing neurons: 1) Cold-sensitive AITC-sensitive neurons express relatively more TRPA1 

transcripts than cold-insensitive AITC-sensitive neurons and 2) voltage-gated potassium (KV) 

channels attenuate the cold-sensitivity of some TRPA1-expressing neurons. The combination of 

these two factors, combined with the relatively weak agonist-like activity of cold temperature on 

TRPA1 channels, partially explains why few TRPA1-expressing neurons respond to cold. 

Blocking KV channels also reveals another subclass of noxious cold-sensitive DRG neurons that 

do not express TRPM8 or TRPA1 channels. Altogether, the results of this study provide novel 

insights into the cold-sensitivity of different subclasses of somatosensory neurons.
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Introduction

Cold is analgesic when moderate (Proudfoot et al., 2006) and painful when extreme 

(Foulkes and Wood, 2007). These contradictory effects of cold in warm-blooded animals 

may be due to differences at the molecular, cellular, or circuit level (Vriens et al., 2014; 

Palkar et al., 2015; Lolignier et al., 2016). At the molecular level, temperature-sensitive 

transient receptor potential (thermoTRP) channels such as TRPM8 and TRPA1 have been 

reported to detect cold temperatures (Talavera et al., 2008). TRPM8, the first molecular 

sensor of cold-sensation, discovered in 2002, is widely accepted as a cold-sensor (Peier et 

al., 2002; Madrid et al., 2006; Bautista et al., 2007; Dhaka et al., 2007). TRPA1, on the other 

hand, was first characterized as a noxious cold-sensor (Story et al., 2003) but some follow-

up studies were in conflict with this conclusion, resulting in an ongoing debate about the 

role of TRPA1 as a cold-sensor (Kwan et al., 2006; Bautista et al., 2007; Fajardo et al., 2008; 

Caspani and Heppenstall, 2009; Karashima et al., 2009; del Camino et al., 2010; Knowlton 

et al., 2010; Chen et al., 2013; Ran et al., 2016). Today, TRPA1 is accepted to have a role in 

pain and inflammation, but its involvement in cold sensation remains controversial.

This controversy encompasses numerous studies that address the issue at the molecular, 

cellular and behavioral levels (Kwan et al., 2006; Karashima et al., 2009; Cordero-morales et 

al., 2011; Miyake et al., 2016). One key observation that underlies this controversy is that 

only a small percentage of TRPA1-expressing somatosensory neurons respond overtly to 

noxious cold temperatures in neuronal cell culture (Babes et al., 2004; Jordt et al., 2004; 

Bautista et al., 2006; Fajardo et al., 2008; Karashima et al., 2009). Consistent with these 

studies, we also find that only a subset of TRPA1-expressing neurons respond to noxious 

cold stimuli. Even though the cold-sensitivity of TRPA1 channels has been studied at the 

molecular level (Sawada et al., 2007; Jabba et al., 2014; Miyake et al., 2016), it is difficult to 

explain why only a subset of the TRPA1-expressing neuronal population responds to cold. 

Therefore, to investigate why cold-sensitivity is not uniformly observed in TRPA1-

expressing neurons, we have characterized this neuronal population to evaluate contributing 

factors.

Our data strongly suggest that cold responses in TRPA1-expressing neurons are mediated by 

TRPA1 channels without any contribution from TRPM8 channels. Further, to understand 

why only a subset of TRPA1-expressing neurons responds to cold, we hypothesized that 

additional factors, such as excitability brake by KV channels and differences in TRPA1 

expression levels among these neurons might influence cold-sensitivity of TRPA1-

expressing neurons. Here, we present evidence that these two factors significantly contribute 

to the cold-sensitivity of TRPA1-expressing neurons.

Experimental Procedures

Dissociated Dorsal-Root Ganglia (DRG) cell cultures from WT and transgenic mice

Cell cultures were prepared from mouse Lumbar DRG at different ages, from postnatal day 

3 (P3) to postnatal day 67 (P67). Mouse strains used for cell preparations were wild-type 

C57BL/6 mice, TRPM8−/− in a C57BL/6 genetic background (The Jackson Laboratory 

stock # 8198 (Bautista et al., 2007) and TRPA1−/− mice in a mixed genetic background 
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(The Jackson Laboratory stock # 6401 (Kwan et al., 2006). All experimental results reported 

for a given mouse strain and age were obtained from three or more cell cultures prepared 

from different mice (in total ~30 mice), consisting of both sexes. All experiments conducted 

with mouse tissues were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of Utah and were conducted in accordance with the National 

Institutes of Health guide for the care and use of Laboratory animals. Detailed descriptions 

of DRG cell preparations and calcium-imaging protocols were reported previously (Smith et 

al. 2013; Teichert et al. 2014; Teichert et al. 2012a; Teichert et al. 2012b).

Briefly, lumbar DRG neurons were dissociated by treating DRGs with trypsin followed by 

mechanical trituration. Neurons were then plated into the center of a silicone ring that was 

previously attached to the floor of a 24-well poly-D-lysine coated plate. After allowing the 

cells to adhere to the floor of the plate for approximately one hour, one mL of media was 

added to each well. The media (MEM + supplements) consisted of minimal essential media 

(MEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 1X penicillin/

streptomycin, 10 mM HEPES, and 0.4% (w/v) Glucose, pH 7.4. The plated cells were 

placed in a 5% CO2 incubator at 37 °C overnight.

TRPA1 and TRPM8-expressing HEK cell lines

HEK293 cell-lines were kindly provided by Dr. Christopher Reilly (Department of 

Pharmacology and Toxicology, University of Utah, Salt Lake City, UT) (Deering-Rice et al., 

2011). Wild-type HEK293 cells were grown in DMEM:F12 supplemented with 5% FBS and 

1X penicillin/streptomycin. HEK293 cell-lines stably overexpressing either human TRPM8 

or TRPA1 channels were grown similarly with the addition of 300 μg/mL Geneticin as 

described previously (Deering-Rice et al., 2011). These cells were treated with trypsin and 

plated onto the 24-well poly-D-lysine coated plates in the same manner as the DRG cells 

and incubated overnight for calcium-imaging experiments.

Calcium-imaging experiments and pharmacology

For calcium-imaging experiments, neurons or HEK293 cells were incubated with Fura2-AM 

dye for 1 hour at 37°C and 0.5 hour at room temperature. All the calcium-imaging 

experiments were carried out at room-temperature, except when cold bath solutions were 

used as stimuli. Single distinct cells were visually identified in the field of view and defined 

as a region of interest (ROI). For each ROI, a calcium-imaging trace was generated with the 

standard 340nm/380nm ratio as the y-axis and time in minutes as the x-axis. Data points 

were captured every two or three seconds. The fluorescence of 340nm/380nm excitation 

ratio (510 nm emission) indicates the relative level of intracellular calcium in the neuron or 

cell. All the stimuli indicated by arrows in each figure were applied for 15 seconds before 

washout. Horizontal bars, cold ramp, and triangles in some figures indicate longer 

incubation times, including 30-second applications of 4 °C (triangles), 2-minute applications 

of 4 °C (cold ramp) and longer incubations with pharmacological agents (horizontal bars), 

including the TRPM8 blocker, M8-B (Almeida et al., 2012), the TRPA1 blocker, 

HC-030031 (Eid et al., 2008), and the KV1.2 blocker, κM-conotoxin RIIIJ (Teichert et al., 

2014). Cold bath solutions were placed in an ice bucket and applied either manually for 30-

seconds or circulated using a peristaltic pump for 2-minutes, as described in each figure 
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legend. Temperature was monitored by placing a thermocoupler in the experimental well, 

close to the imaging field of view. To differentiate between neuronal and non-neuronal 

populations of DRG cells, a depolarizing pulse of 30 mM extracellular potassium, [K+]o, 

was applied at the beginning of each experiment.

Calcium-imaging experiments were carried out with DRG observation solution consisting of 

145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM sodium citrate, 10 mM 

HEPES, and 10 mM glucose, pH 7.4. For [K+]o application, 30mM K+ was made by 

increasing the concentration of KCl and reducing the concentration of NaCl in DRG 

observation solution without affecting the osmolarity. All pharmacological agents, including 

menthol, allyl isothiocyanate (AITC), M8-B, and HC-030031, were purchased from Sigma-

Aldrich (except κM-conotoxin RIIIJ). Working concentrations were made in DRG 

Observation solution from respective stock solutions. Stock solutions were 640 mM menthol 

in ethanol, 10.2 M AITC oil, 1 mM M8-B and 30 mM HC-030031 in DMSO, and 10 μM 

κM-conotoxin RIIIJ in DRG Observation solution. For all experiments, the isomer of 

menthol used was (1R,2S,5R)-(−)-Menthol.

Single-cell RT-qPCR

Immediately following calcium-imaging experiments, individual neurons of interest were 

harvested with patch pipettes (~3 μm diameter) containing recombinant RNAse Inhibitor 

(Invitrogen). After collecting each cell in a patch pipette tip, the pipette tip was broken into a 

PCR tube and the neuronal cell body was transferred to a solution containing 10% Triton 

X-100 and SuperScript IV VILO Master Mix (Invitrogen) for reverse transcription. The 

mRNA in each sample was reverse transcribed at 50°C for 10 minutes. 10 μl of this reverse 

transcription reaction was then divided into two different PCR reactions containing either 

TRPA1 primers or β-actin primers. TRPA1 primer pairs 5′-

AGGTGATTTTTAAAACATTGCTGAG-3′ and 5′-

CTCGATAATTGATGTCTCCTAGCAT-3′ yield cDNA fragments of 168 bp, and β-actin 

primer pairs 5′-GGCCCAGAGCAAGAGAGGTATCC-3′ and 5′-

ACGCACGATTTCCCTCTCAGC-3′ yield cDNA fragments of 460 bp (Kwan et al., 2006). 

Both TRPA1 and β-actin primer pairs span an intron and yield DNA fragments amplified 

from genomic DNA of 500 bp and 914 bp, respectively. For real-time PCR, the cDNA from 

RT reaction (4 μl) was denatured at 95°C, annealed at 60°C, and extended at 72°C for 40 

cycles with 10 μL KAPA SYBR FAST qPCR MM (Kapa Biosystems) and 400 nM of 

TRPA1 or 250 nM of β-actin primers in 20 μL PCR reactions. Control samples included 

cells with no AITC response or extracellular DRG observation solution. Only the cells with 

β-actin signal were included in the analysis. For data analysis, ΔCq and relative quantities of 

TRPA1 cDNA molecules in individual cells were determined by normalizing the Cq value of 

each cell to the Cq cutoff of 34 for TRPA1 reactions (Ståhlberg et al., 2013). Cq cutoff and 

efficiency of reactions was estimated from a standard curve of RNA isolated from mouse 

DRG neurons. Finally, 2% agarose gel and melt curves were used to confirm the specificity 

of the end product.

Memon et al. Page 4

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data analysis and statistics

For calcium-imaging experiments, cells were defined as regions of interest (ROIs) using the 

10X brightfield image. Traces are shown in figures as ratiometric values for each ROI in the 

series of images taken at two or three-second intervals over the time-frame of the 

experiment. Ratiometric values are indicators of relative cytosolic calcium levels. The time-

course of the ratio was analyzed using a set of functions written in R (www.r-project.org). 

The maldiquant package (Gibb and Strimmer, 2012) was used to correct baselines, smooth, 

and detect peaks. All traces were baseline corrected using the estimate Baseline function 

with the “SNIP” method and smoothed using the smoothIntensity function with the 

“SavitzkyGolay” method and a half Window Size of 3. Peaks were detected using the detect 

Peaks function with the “MAD” method, a half Window Size of 30 and a SNR.lim setting of 

4. All ROIs were scored as yes/no (binary) response to each input based on the presence of a 

peak in the response window region. Thresholds were established to define possible peaks in 

time windows of probable response to the given inputs. We used a signal to noise (SNR) 

threshold of 4 and a value above baseline threshold of .05. These threshold values give a 

false positive rate < 0.001 (e.g. peaks during times of no input). Traces with obvious 

abnormal response patterns were removed from the analysis.

The percentage or frequency of cells responsive to a given stimulus or compound was 

determined using binary scoring described above. Also, to count the frequency of neuronal 

responders in DRG cultures, only the cells responding to [K+]o were included in the 

analysis. The frequency of responses was calculated for each experimental trial and averaged 

for each culture. Mean frequencies across multiple cultures were determined for each set of 

experimental conditions. The mantelhaen.test function of R was used to perform a Cochran-

Mantel-Haenszel chi-squared test (Agresti, 1990) for equality of response type frequency 

between mouse lines. The woolf test (Woolf, 1955) was used to test for heterogenity 

between wells. The cor.test function in R was used to test for significant correlation between 

dCq and AITC response area. The t.test function in R was used to test for significant 

differences between dCq values in AITC+ and AITC− neuron populations.

Results

Diverse response profiles observed among cold-sensitive DRG neurons

We used Fura-2 calcium imaging of dissociated adult mouse DRG neurons, coupled with 

various types of physiological and pharmacological challenges, to identify and characterize 

different neuronal subclasses. Figure 1 illustrates the diversity of response phenotypes 

elicited by a depolarizing stimulus (30 mM extracellular K+), cold temperatures (18 °C and 

4 °C), menthol and AITC in DRG neurons (n=1465) from wild-type C57BL/6 mice. 

Notably, a subset of the AITC-sensitive neurons responded to a 30-second application of 

noxious cold temperature (4 °C) and menthol (Fig. 1A). However, these represented a small 

minority (7.9% ± 1.2%) of the AITC-sensitive DRG neurons (A+ in Table 1). A larger 

subset (19.4% ± 1.7%) of AITC-sensitive neurons responded to menthol, but not to cold 

temperatures (Fig. 1A, Table 1). An additional subset (71.7% ± 1.9%) of DRG neurons 

responded only to AITC, without robust responses either to cold or menthol (Fig. 1A, Table 

1). In contrast to the AITC-sensitive neurons, we observed that a large subset (67.8% 
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± 4.4%) of menthol-sensitive but AITC-insensitive (M+A− in Table 1) DRG neurons 

responded to innocuous cool temperatures (e.g. 18 °C, Fig. 1B, Table 1). However, a subset 

(30.4% ± 4.3%) of these neurons only responded to noxious cold temperatures (e.g. 4 °C, 

Fig. 1B, Table 1). A large subset of DRG neurons did not respond to cold, menthol or AITC, 

but did respond to a depolarizing stimulus, which activated voltage-gated calcium channels, 

eliciting a calcium influx (Fig. 1C). Distributions of these functional response phenotypes as 

percentages of the total neuronal cell population (K+) have been listed in Table 2.

Cold responses in AITC-sensitive neurons depend on TRPA1 and not TRPM8 channels

The experiment illustrated in figure 1 employed DRG neurons from wild-type mice. We 

repeated this experimental protocol multiple times with DRG neurons from TRPA1−/− mice 

and TRPM8−/− mice (Fig. 2). Using DRG neurons from TRPA1−/− mice (n=1107), we 

observed all of the functional phenotypes shown in Figure 1B (see Fig. 2B, Table 1 and 2), 

but none of the functional phenotypes exhibited in Figure 1A. These neurons apparently all 

express TRPM8 channels and not TRPA1 channels because they responded to menthol (a 

TRPM8 agonist), but not to AITC (a TRPA1 agonist). Using DRG neurons from TRPM8−/− 

mice (n=1535), we did not observe any of the functional phenotypes shown in Figure 1B and 

we continued to observe all of the functional phenotypes shown in Figure 1A (see Fig. 2A, 

Table 1 and 2). We had previously attributed the menthol responses to TRPM8 channels in 

AITC-sensitive neurons (Teichert et al., 2012a) as menthol was considered a selective 

agonist of TRPM8 channels (Bautista et al., 2007) and shown to block mouse TRPA1 

channels at high concentrations (Karashima et al., 2007; Xiao et al., 2008). However, our 

results from adult TRPM8−/− mice suggested that the responses to cold and menthol in 

AITC-sensitive neurons may be solely mediated by TRPA1 channels and not TRPM8 

channels. This is consistent with previous studies that used similar concentrations of 

menthol and reported activation of TRPA1 channels in sensory neurons (Fajardo et al., 2008; 

Meseguer et al., 2008; Karashima et al., 2009). Furthermore, these results with TRPM8−/− 

mice suggested that TRPA1 and TRPM8 channels may be expressed in separate, non-

overlapping DRG neuronal subclasses.

To further test these hypotheses, we utilized subtype-selective antagonists of TRPA1 and 

TRPM8 channels to block the responses to cold, menthol and AITC in wild-type adult 

mouse DRG neurons. Figure 3A demonstrates that a selective antagonist of TRPA1 

channels, HC-030031 (Eid et al., 2008), completely blocked the responses to cold, menthol 

and AITC in 96.9% ± 0.7% of the TRPA1-expressing (AITC sensitive) DRG neurons 

(n=422), but did not block the cold and menthol responses in the TRPM8-expressing DRG 

neurons (menthol-sensitive but AITC insensitive). In the remaining ~3% of TRPA1-

expressing neurons, HC-030031 blocked responses to cold, menthol and AITC by 88.9% 

± 6.2%. Figure 3B demonstrates that a selective antagonist of TRPM8 channels, M8-B 

(Almeida et al., 2012), completely blocked the responses to cold and menthol in 95.0% 

± 2.9% of the TRPM8-expressing DRG neurons (n=40), but did not block the cold and 

menthol responses in the TRPA1-expressing DRG neurons (AITC sensitive). In the 

remaining ~5% of TRPM8-expressing neurons, M8-B blocked responses to cold and 

menthol by 92.5% ± 4%. In addition to the results obtained from TRPA1−/− and TRPM8−/− 

mice, these results confirm that responses to cold and menthol in TRPA1-expressing DRG 
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neurons (AITC sensitive) are solely mediated by TRPA1 channels. Moreover, TRPA1-

mediated cold and menthol responses become evident in adult mice compared to neonates as 

the frequency of AITC-responsive (TRPA1-expressing) neurons increases with age (Fig. 4).

KV1.2 channel blocker increases TRPA1-dependent cold responses

It is presently unclear what circumstances or states allow TRPA1 channels to be activated by 

noxious cold temperature, as only a small fraction of the TRPA1-expressing neurons or HEK 

cells (Fig. 5, Table 1) responded to a 30-second application of noxious cold temperature in 

our hands. However, by increasing the duration of the cold bath application (4°C) from 30-

seconds to 2-minutes, we observed a significant increase in cold responsiveness from 

approximately 8% to 24% of TRPA1-expressing mouse DRG neurons and from 

approximately 47% to 88% of human TRPA1-expressing HEK cells (Table 3). Additionally, 

in the presence of an antagonist of KV1.2 channels, κM-conotoxin RIIIJ (RIIIJ), the 

percentage of TRPA1-expressing DRG neurons that responded to a 2-minute application of 

4 °C bath solution increased from approximately 24% to 49%, and responses to cold 

temperature in the absence of RIIIJ were amplified in the presence of RIIIJ (Fig. 6), 

suggesting that high expression of certain voltage-gated potassium (KV) channels (including 

but not limited to KV1.2) may blunt the response to cold in TRPA1-expressing neurons to a 

subthreshold level. These experiments with RIIIJ were conducted using neurons from 

TRPM8−/− mice (n=2313) to demonstrate that the additional responses obtained in the 

presence of RIIIJ were mediated by TRPA1 channels and not TRPM8 channels (Fig. 6). 

Furthermore, the large majority of these cold responses were completely blocked by the 

TRPA1 channel blocker, HC-030031 (Fig. 6).

KV1.2 blocker increases TRPM8-and TRPA1-independent cold responses

In addition to TRPM8-and TRPA1-expressing cold sensitive neurons, there are noxious 

cold-sensitive neurons that do not express TRPM8 or TRPA1 channels (Babes et al., 2004; 

Munns et al., 2007; Ran et al., 2016). We have observed that approximately 7% ± 2% of 

DRG neurons (n=3364) that did not respond to menthol or AITC in fact responded to a 2-

minute cold-ramp to 4 °C (CS M-A-neurons). Interestingly, removal of an excitability brake 

by KV channels that contain KV1.2 subunits increased the frequency of CS M-A-neurons to 

approximately 12% ± 1% (Fig. 7). The molecular identity of such cold responses remains 

unknown.

TRPA1 expression levels influence cold-sensitivity of TRPA1-expressing neurons

Another factor that could contribute to the cold sensitivity of TRPA1-expressing neurons is 

functional expression of TRPA1 channels. We have observed that cold-sensitive AITC-

sensitive (CS A+) neurons usually exhibit greater menthol and AITC responses than cold-

insensitive AITC-sensitive (CI A+) neurons (e.g., AITC responses measured by peak height 

and time for cytosolic calcium to return to baseline, Fig. 1). Therefore, we hypothesized that 

CS A+ neurons may express more TRPA1 than CI A+ neurons. To test this hypothesis, we 

performed single-cell RT-qPCR on cells of interest and determined relative quantities (RQ) 

of TRPA1 cDNA molecules in CS A+ and CI A+ neurons. Indeed, we find that CS A+ 

neurons expressed, on an average, ~2.7 fold more TRPA1 transcripts, as compared to CI A+ 

neurons (Fig. 8A). Furthermore, ACq of TRPA1 in each neuron positively correlated with 
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AITC-elicited Ca2+ responses (Fig. 8B). Most of the neurons that did not respond to AITC 

also did not have any detectable TRPA1 transcripts but had β-actin transcripts (Fig. 8C), and 

samples without cells (no-template controls) did not have transcripts of either TRPA1 or β-

actin (Fig. 8C). Lastly, the expected size of TRPA1 (~168 bp) and β-Actin (~460 bp) 

transcripts was confirmed by gel electrophoresis as shown in Fig. 8C. Hence, functional 

expression levels of TRPA1 channels also play an important role in determining whether a 

response to cold reaches threshold for detection in TRPA1-expressing neurons.

Discussion

The experimental results obtained with DRG neurons from TRPA1−/− mice, TRPM8−/− 

mice, and wild-type mice, using selective antagonists of TRPA1 and TRPM8 channels, as 

well as HEK293 cells stably expressing human TRPA1 or TRPM8 channels, cumulatively 

indicate that responses to cold, menthol and AITC in TRPA1-expressing cells are all 

mediated by TRPA1 channels. Our finding is consistent with previous reports of TRPA1-

dependent cold-and menthol-responses in sensory neurons of trigeminal ganglia (Karashima 

et al., 2009) and nodose ganglia (Fajardo et al., 2008). Our results also indicate that TRPA1 

channels and TRPM8 channels are predominantly expressed in different, largely non-

overlapping subsets of mouse DRG neurons, a conclusion that is also supported by recent 

single-cell RNA sequencing studies of mouse DRG neurons (Usoskin et al., 2014; Li et al., 

2015). Therefore, the clear implication of the results is that TRPA1 channels, independent of 

TRPM8 channels, play a role in the detection of noxious-cold stimuli. In this paper, we have 

also demonstrated that expression levels of TRPA1 channels and voltage-gated potassium 

channels (including those that contain KV1.2 subunits) are among the factors that determine 

whether a TRPA1-expressing neuron responds overtly to noxious cold temperatures in 

calcium-imaging assays.

In a prior study, we identified putative cold thermosensors, such as those shown in Figures 

1B and 2B (which respond to innocuous cold temperatures), and correctly concluded that 

those neurons express TRPM8 channels, but not TRPA1 channels, because they responded 

to the application of menthol but not to AITC. However, we also identified putative cold 

nociceptors (which respond to noxious cold temperatures, but not innocuous cold 

temperatures), such as those shown in Figures 1A and 2A, but incorrectly concluded that 

those neurons express both TRPM8 and TRPA1 channels because they responded to both 

menthol and AITC (Teichert et al. 2012a). However, in this study, we demonstrate 

conclusively that responses to cold, menthol and AITC are all mediated by TRPA1 channels 

in the putative cold nociceptors shown in Figures 1A and 2A.

In the same prior study, we demonstrated that the putative cold nociceptors which express 

TRPA1 channels (see Figs. 1A and 2A) also co-express the voltage-gated Na+ channel, 

NaV1.8 (Teichert et al. 2012a), which has been shown to be essential for the sensation of 

cold pain (Zimmermann et al., 2007), but the low-threshold cold-thermosensor neurons (see 

Figs. 1B and 2B) did not express NaV1.8 (Teichert et al. 2012a). Cumulatively, these data 

support a role for TRPA1 channels in the sensation of cold-induced pain.

Memon et al. Page 8

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cold appears to be a weaker agonist of TRPA1 channels than menthol and AITC, which is 

reflected in the magnitude and frequency of cold responses in AITC-sensitive neurons and 

TRPA1-expressing HEK cells (Figs. 1A, 2A, 3A, 5A and Tables 1, 2). Cold temperature 

elicits overt responses (above threshold) in AITC-sensitive (CS A+) neurons that express 

more TRPA1 transcripts than CI A+ neurons (Fig. 8). Others have hypothesized that TRPA1 

expression levels may contribute to observed differences in cold sensitivity among TRPA1-

expressing neurons (Karashima et al., 2009). In this study, we have demonstrated it 

empirically. Moreover, our findings are consistent with previous reports that claim cold-

temperature is a weaker and slower activator of TRPA1 channels at the molecular level 

(Sawada et al., 2007; Karashima et al., 2009).

The weak and slow activation of TRPA1 by cold in some AITC-sensitive neurons can further 

be blunted by the presence of voltage-gated potassium channels to a sub-threshold level for 

detection (Fig. 6). KV channels are known to blunt TRPM8-mediated cold responses 

(Madrid et al., 2009; Teichert et al., 2014) but their contribution to the cold-sensitivity of 

TRPA1-expressing neurons has not been reported previously. Hence, the combination of 

relatively low TRPA1 expression levels, relatively high KV-channel expression levels and 

the relatively weak activation of TRPA1 channels by cold temperatures (compared to AITC) 

largely explain why most TRPA1-expressing neurons do not respond overtly to cold in 

calcium-imaging assays.

Even though our results support the hypothesis that TRPA1 channels are activated by cold 

temperatures, our data do not rule out the possibilities of indirect activation or sensitization 

of the TRPA1 channels by increases in reactive oxygen species (ROS) and intracellular 

calcium that may be elicited by cold temperatures (Zurborg et al., 2007; Andersson et al., 

2008; del Camino et al., 2010; Miyake et al., 2016). These molecular mechanistic details are 

beyond the scope of our study but have been addressed elsewhere (Karashima et al., 2009; 

Moparthi et al., 2014; Miyake et al., 2016). Hence, the cold-sensitivity of TRPA1-expressing 

neurons is complex and dependent on multiple factors.

The significance of these contributing factors is not just limited to the normal physiology of 

cold-sensation but extends to its pathophysiology such as cold-allodynia and-

hypersensitivity. There is an increase in TRPA1 expression and reduction in KV channel 

expression during cold-allodynia (Descoeur et al., 2011; Zhao et al., 2012). Also, ROS 

formation and cytokine release during and following an injury can further sensitize TRPA1 

channels, resulting in cold-hypersensitivity (McNamara et al., 2007; del Camino et al., 2010; 

Bautista et al., 2013; Eberhardt et al., 2014). It is possible that the combination of these 

mechanisms results in the pain caused by cold via TRPA1. Therefore, therapy for cold-

induced neuropathic pain may benefit by targeting multiple mechanisms, including TRPA1 

channels and Kv channels.
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Highlights

• Three distinct subclasses of sensory neurons mediate cold responses

• Cold responses in TRPA1-expressing neurons depend on TRPA1 and not 

TRPM8 channels

• Cold-sensitive TRPA1 neurons express more TRPA1 than cold-insensitive 

TRP A1 neurons

• KV1.2 channels attenuate cold-sensitivity of TRPA1-expressing neurons
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Figure 1. 
The diversity of neuronal responses from adult (>Postnatal day 45) wild-type mouse DRG to 

cold, menthol, and AITC. The units of the X-axis are minutes and the units of the Y-axis are 

the 340/380 nm calcium-imaging ratio described in Materials and Methods. Calibration bar 

of 0.5 for 340/380 values applies to all the traces. The experimental protocol is depicted 

below the X-axis. Physiological or pharmacological challenges were administered at 7-

minute intervals. Abbreviations are as follows: [K+]o, 30 mM [K+]o; 18°C or 4°C, bath 

solution at the respective temperature; Menthol, 400 μM menthol; AITC, 100 μM AITC; 

wash, replacement of static bath solution with identical bath solution. Arrows represent the 

15-second application of each challenge. The triangle indicates a 30-second application of 

4 °C solution, where the temperature was allowed to gradually rise in the well at room 

temperature. The aforementioned facts apply to subsequent figures also. (A) Representative 

traces from AITC-sensitive DRG neurons. A subset of DRG neurons responded to cold, 

menthol and AITC (2.9% ± 0.4%). Another subset responded to menthol and AITC (7.2% 

± 0.7%). An additional subset only responded to AITC (26.5% ± 1.2%). See summary in 

Table 2. (B) Representative traces from menthol-sensitive and AITC-insensitive DRG 

neurons. A subset of DRG neurons responded to 18 °C and 4 °C bath applications, and 

menthol (5.3% ± 0.6%). Another subset only responded to 4 °C and menthol (2.4% ± 0.4%). 

See summary in Table 2. (C) Representative trace from a large subset of DRG neurons that 
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did not respond to cold, menthol or AITC. Percentage values refer to percentage of [K+]o 

responsive neurons (n=1465) from 6 experimental trials from 3 mice.

Memon et al. Page 15

Neuroscience. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The diversity of neuronal responses to cold, menthol, and AITC from (A) adult TRPM8−/− 

mouse DRG and (B & C) TRPA1−/− mouse DRG. The experimental protocol is identical to 

that described in the Figure 1 legend. (A) AITC-sensitive DRG neurons that express TRPA1 

channels were observed from TRPM8−/− mice. A subset of DRG neurons responded to 

cold, menthol and AITC (2.1% ± 0.4%). Another subset responded to menthol and AITC 

(9.8% ± 0.8%). An additional subset only responded to AITC (18.9% ± 1.0%). See summary 

in Table 2. (B) Menthol-sensitive DRG neurons that express TRPM8 channels were 

observed from TRPA1−/− mice. A subset of DRG neurons responded to 18 °C and 4 °C bath 

applications, and menthol (3.2% ± 0.5%). Another subset only responded to 4 °C and 

menthol (2.7% ± 0.5%). See summary in Table 2. (C) Representative trace from a large 

subset of DRG neurons that did not respond to cold, menthol or AITC. In this case, the trace 

is from a DRG neuron from a TRPA1−/− mouse. Percentage values refer to percentage of [K

+]o responsive neurons (n=1535 for TRPM8−/− and n=1107 for TRPA1−/−) from 4 

TRPM8−/− and 3 TRPA1−/− mice.
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Figure 3. 
Distribution of TRPA1 and TRPM8 channels in cold-, menthol-and AITC-sensitive adult 

mouse DRG neurons. The experimental protocol is similar to the protocol outlined in the 

Figure 1 legend, with a few exceptions described below. Me is an abbreviation for 400 μM 

Menthol. (A) The TRPA1 antagonist HC-030031 (30 μM) selectively and completely 

blocked responses to cold, menthol, and AITC in 96.9% ± 0.7% of AITC-sensitive neurons 

(n=422). The black horizontal bars indicate when HC-030031 was present in the bath 

solution. (B) The TRPM8 antagonist M8-B (1 μM) selectively and completely blocked 

responses to cold and menthol in 95.0% ± 2.9% of menthol-sensitive and AITC-insensitive 

neurons (n=40). The open horizontal bars indicate when M8-B was present in the bath 

solution.
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Figure 4. 
Percentages of lumbar DRG neurons from wild-type mice at different ages that responded to 

menthol or AITC. At postnatal day 3 or 4 (P3-4), a very low percentage of neurons 

responded to AITC and nearly all of the menthol-sensitive neurons were insensitive to 

AITC. The menthol responsive and AITC non-responsive (M+A−) neurons, as a percentage 

of the neuronal cell population, remained relatively constant across different ages of mice. 

However, the AITC-sensitive neurons increased dramatically as a percentage of the neuronal 

cell population during postnatal development. Accordingly, the menthol-sensitive neurons 

that were also AITC sensitive (M+A+ neurons) increased as a percentage of the neuronal 

cell population during postnatal development. The legend shown above the stacked bar 

graphs for menthol-sensitive neurons only applies to the menthol-sensitive neurons. For each 

age of mice, at least 6 experimental trials were conducted, using at least 3 independently 

prepared cell cultures from different mice. Total number of neurons scored for each age 

category was 1412 for P3-4, 1385 for P13-14, and 1465 for P45-55. Error bars are +/− SEM.
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Figure 5. 
The diversity of cold, menthol, and AITC responses from HEK293 cells stably expressing 

either human TRPA1 or TRPM8 channels. The experimental protocol is identical to that 

described in the Figure 1 legend. (A) Representative traces from human TRPA1-expressing 

HEK cells. A subset responded to cold, menthol and AITC (47.2% ± 2.2%). Another subset 

responded to menthol and AITC (34.0% ± 2.1%). An additional subset only responded to 

AITC (14.8% ± 1.6%). See summary in Table 1. (B) Representative traces from human 

TRPM8-expressing HEK cells. A subset of these neurons responded to 18 °C and 4 °C bath 

applications, and menthol (89.8% ± 1.0%). Another subset only responded to 4 °C and 

menthol (9.2% ± 1.0%). See summary in Table 1. (C) Representative trace from 

untransfected HEK cells.
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Figure 6. 
The frequency of responses to cold increased in TRPA1-expressing (AITC responsive) DRG 

neurons from TRPM8−/− mice when potassium channels that contain KV1.2 subunits were 

blocked by κM-conotoxin RIIIJ (RIIIJ). Mouse DRG neurons that responded to AITC 

(n=796) were challenged with a 4 °C bath solution for 2-minutes prior to six-minute 

incubation with 1 μM RIIIJ and then again after incubation with RIIIJ in the continued 

presence of RIIIJ (black bar). The 2-minute cold ramp was then repeated again in the 

presence of RIIIJ and the TRPA1 blocker, HC030031 (white bar). (A) The bar graph shows 

the percentage of AITC-responsive neurons that also responded to the 4 °C bath solution, 

4 °C in the presence of RIIIJ, and 4 °C in the presence of RIIIJ and HC030031. (B) 

Representative calcium imaging traces and experimental protocol used to obtain the data in 

A. In these experiments, the bath solution was cooled to a temperature of 4 °C for 2-minutes, 

according to the temperature ramp shown on the time-scale of the X-axis. The temperature 

was monitored with a thermocoupler in the bath near the imaging field of view. Dashed lines 

indicate times when temperature data was not monitored in the bath because the bath 

solution was replaced by the room-temperature solution.
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Figure 7. 
Representative traces of cold-sensitive menthol-and AITC-unresponsive (CS M−A−) 

neurons. The experimental protocol shown below traces is similar to the protocol in Figure 

6, where the cold ramp was applied for 2-minutes with and without κM-RIIIJ, a selective 

blocker of KV1.2 containing channels (black bar), and HC-030031, a TRPA1 blocker (white 

bar). About 7% ± 2% of K+ responsive neurons (n=3364) that were unresponsive to menthol 

or AITC responded to a 2-minute cold ramp to 4 °C as illustrated by the top trace. In the 

presence of κM-RIIIJ, the frequency of CS M−A− neurons increased to approximately 12% 

± 1% of DRG neurons, as shown in the middle trace, while the majority of menthol-and 

AITC-unresponsive neurons remained unaffected as shown in the bottom trace. The 

temperature was monitored with a thermocoupler in the bath near the imaging field of view. 

Dashed lines indicate times when temperature data was not monitored in the bath because 

the bath solution was rep laced by the room-temperature solution.
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Figure 8. 
Single-cell RT-qPCR for TRPA1 transcript levels. (A) Relative quantities of TRPA1 cDNA 

molecules for cold-sensitive AITC-responsive (CS A+) and cold-insensitive AITC-

responsive (CI A+) neurons was determined for comparison (CS A+, n=12; CI A+, n=12; p-

value=0.002 by Welch Two Sample t test). (B) AITC-elicited Ca2+ responses (peak area over 

4-minutes) obtained from calcium imaging experiments positively correlated with ΔCq of 

TRPA1 for each neuronal cell. This dataset includes CS A+ (black circle, n=12), CI A+ 

(gray circle, n=12), and AITC-unresponsive neurons abbreviated A− (white circle, n=12). 

Comparing ΔCq values with AITC response area in the entire data set, there exists a strong 

correlation (Pearson correlation = 0.81, p-value=2.943e-09). (C) Representative gel image 

on left showing end product of single-cell RT-qPCR for cells (CS A+, CI A+, A−) and no 

cell (NTC) samples with calcium imaging response profile shown on right. Expected size of 

cDNA fragments for TRPA1 was ~168 bp and for β-actin was ~460 bp.
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Table 2

Response phenotypes of AITC+ (TRPA1-expressing) and Menthol+, AITC−(TRPM8-expressing) mouse DRG 

neurons as percentages of the total neuronal cell population.

WT Mice TRPM8 −/− Mice

% K+ (n=1465) SEM % K+ (n=1535) SEM

4°+ M+ A+ 2.9% 0.4% 2.1% 0.4%

4°− M+ A+ 7.2% 0.7% 9.8% 0.8%

4°− M− A+ 26.5% 1.2% 18.9% 1.0%

4°+ M− A+ 0.3% 0.2% 0.4% 0.2%

Other Neurons 63.1% 1.3% 68.9% 1.2%

Total Neurons 100.0% 100.0%

WT Mice TRPA1 −/− Mice

% K+ (n=1465) SEM % K+ (n=1107) SEM

18°+ 4°+ M+ A− 5.3% 0.6% 3.2% 0.5%

18°− 4°+ M+ A− 2.4% 0.4% 2.7% 0.5%

18°− 4°− M+ A− 0.1% 0.1% 0.8% 0.3%

Other Neurons 92.2% 0.7% 93.3% 0.8%

Total Neurons    100.0%    100.0%

Examples of response phenotypes are shown in Figures 1, 2 and 5.

Abbreviations are the following: 18°, 18° C for 15 seconds; 4°, 4° C for 30-seconds; M, Menthol; A, AITC; +, responsive; −, not responsive; n, 
number of cells; SEM, standard error of the mean.

The percentages in the table were calculated from the following:

WT Mice: 6 experimental trials from 3 cell cultures (mice).

TRPM8 −/− mice: 7 experimental trials from 4 cell cultures (mice).

TRPA1 −/− mice: 8 experimental trials from 3 cell cultures (mice).
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Table 3

Frequency of cold-responses from TRPA1-expressing mouse DRG neurons and HEK293 cells stably 

expressing human TRPA1 for different treatment conditions.

Treatment % AITC-responsive Mouse DRG neurons % HEK293 cells stably expressing human TRPA1

4°C (30 sec) 7.9 ± 1.2 % (n=541) 47.2 ± 2.2 % (n= 494)

4°C (2 min) 24.0 ± 3.6 % (n=1171) 88.3 ± 2.6 % (n= 894)

4°C + RIIIJ (2min) 48.5 ± 3.2 % (n=1171) –
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