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Abstract  
Transient receptor potential ankyrin 1 (TRPA1) is a key player in pain and neurogenic inflammation, and is localized in nociceptive 
primary sensory dorsal root ganglion (DRG) neurons. TRPA1 plays a major role in the transmission of nociceptive sensory signals. The 
generation of neurogenic inflammation appears to involve TRPA1-evoked release of calcitonin gene-related peptide (CGRP). However, 
it remains unknown whether TRPA1 or CGRP expression is affected by TRPA1 activation. Thus, in this study, we examined TRPA1 and 
CGRP expression in DRG neurons in vitro after treatment with the TRPA1 activator formaldehyde or the TRPA1 blocker menthol. In 
addition, we examined the role of extracellular signal-regulated protein kinase 1/2 (ERK1/2) in this process. DRG neurons in culture were 
exposed to formaldehyde, menthol, the ERK1/2 inhibitor PD98059 + formaldehyde, or PD98059 + menthol. After treatment, real-time 
polymerase chain reaction, western blot assay and double immunofluorescence labeling were performed to evaluate TRPA1 and CGRP 
expression in DRG neurons. Formaldehyde elevated mRNA and protein levels of TRPA1 and CGRP, as well as the proportion of TRPA1- 
and CGRP-positive neurons. In contrast, menthol reduced TRPA1 and CGRP expression. Furthermore, the effects of formaldehyde, but 
not menthol, on CGRP expression were blocked by pretreatment with PD98059. PD98059 pretreatment did not affect TRPA1 expression 
in the presence of formaldehyde or menthol.

Key Words: nerve regeneration; TRPA1; TRPV1; formaldehyde; menthol; CGRP; dorsal root ganglion; neuron; neurogenic inflammation; 
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Graphical Abstract   

Is the expression of TRPA1 and CGRP in dorsal root ganglion neurons associated with the activation of 
TRPA1?

Introduction 
Transient receptor potential ankyrin 1 (TRPA1) plays a key 
role in pain and neurogenic inflammation, according to its 
localization in nociceptive primary sensory dorsal root gan-
glion (DRG) neurons and its function as a non-selective cat-
ion channel (Leamy et al., 2011; Bertin et al., 2017; Masuoka 
et al., 2017). TRPA1 is closely associated with another major 
pain and neurogenic inflammation player, transient receptor 
potential vanilloid 1 (TRPV1), in terms of both expression 
and function (Anand et al., 2008; Iwasaki et al., 2008; Rais-

inghani et al., 2011). These two channels are expressed in 
skin-innervating sensory neurons, and are specifically acti-
vated by a wide range of environmental chemicals and tem-
peratures that range from high burning heat to noxious cold 
(Strassmaier and Bakthavatchalam, 2011; Wang et al., 2012; 
Alpizar et al., 2013; Denner et al., 2017; Saito and Tomina-
ga, 2017; Schwarz et al., 2017). As nocisensors, TRPA1 and 
TRPV1 mediate efferent signals via the secretion of neu-
ropeptides, neurotransmitters and inflammatory signaling 
molecules. They also convey afferent signals from peripheral 
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sensory nerve terminals via primary sensory nerve fibers to 
specific sites in the central nervous system (Benemei et al., 
2017). Sensitization of TRPA1 and TRPV1 increases neuro-
nal activity and contributes to hypersensitivity (Honda et al., 
2017; Jardín et al., 2017; Negri and Maftei, 2017).

The involvement of TRPA1 in pain and inflammation 
and its localization in sensory neurons has been extensively 
studied (Bodkin and Brain, 2011; Ückert et al., 2017). The 
upregulation of TRPA1 by nerve growth factor could under-
lie in part the hyperalgesia induced by chronic inflammation 
(Diogenes et al., 2007; Luo et al., 2007). Nociception is asso-
ciated with the activation of TRPA1, which induces extra-
cellular signal-regulated protein kinase 1/2 (ERK1/2) phos-
phorylation in primary sensory DRG neurons (Donnerer et 
al., 2012). Accumulating evidence suggests that TRPA1 may 
be a promising drug target for treating pain (Zygmunt et al., 
2014). Despite the increasing interest in TRPA1 as a thera-
peutic target, TRPA1 expression and activity in distinct sub-
sets of DRG neurons remain unclear. During sensory signal 
processing, there is an intricate link between TRPA1, a noci-
sensor involved in inflammation, and calcitonin gene-relat-
ed peptide (CGRP), a neurotransmitter involved in sensory 
signal transmission (Gajda et al., 2005; Schaeffer et al., 2010; 
Pozsgai et al., 2012). CGRP release from primary afferent 
neurons is stimulated by TRPA1 agonists. The increase of 
CGRP release is prevented by selective TRPA1 inhibition 
(Fischer et al., 2010; Kunkler et al., 2011). TRPA1 also par-
ticipates in pain evoked by capsaicin-sensitive somatosen-
sory neurons (Choi et al., 2011). Recently, it was shown that 
formaldehyde activates TRPA1 (McNamara et al., 2007; 
Sawynok and Reid, 2011). Interestingly, menthol inhibits 
TRPA1 (Macpherson et al, 2006). The biological activity of 
menthol was studied in cell culture and animal models be-
cause of its antipruritic and analgesic effects (Kamatou et al., 
2013). The unique role of TRPA1 in mediating nociception 
has been recognized (Raisinghani et al., 2011). Therefore, 
TRPA1 and CGRP are potential novel therapeutic targets for 
relieving pain (Benemei et al, 2017; Berta et al, 2017; Demar-
tini et al, 2017). Indeed, the differential expression of TRP 
cation channels contributes to the functional heterogeneity 
of nociception (Hjerling-Leffler et al., 2007). Understanding 
the mechanisms involved in regulating TRPA1 and CGRP 
expression in primary sensory neurons is of particular im-
portance for elucidating the functions of TRPA1 and CGRP 
in nociceptive processing.

The activation of TRPA1 may impact the expression of 
TRPA1 or CGRP in primary sensory neurons. In the present 
study, we examine the effects of the TRPA1 agonist form-
aldehyde and the TRPA1 antagonist menthol on TRPA1 
and CGRP expression in cultured primary DRG sensory 
neurons. We also investigate whether the ERK1/2 signaling 
pathway is involved in the modulation of TRPA1 and CGRP 
expression.

Materials and Methods 
DRG cell culture
A total of 120 newborn rats (Wistar strain, < 24 hours after 

birth, 6–7 g in body weight, either sex) were used in this 
experiment. All animals (newborn rats) for this study were 
obtained from Shandong University, China (animal license 
No. SCXK (Lu) 20130009).

The animal protocols were approved by the Experimental 
Animal Ethics Committee of Shandong University, China 
(ethics approval No. 201402260001). During the experi-
ments, all rats were anesthetized to minimize suffering. DRGs 
were removed, digested (0.25% trypsin; Sigma-Aldrich, St. 
Louis, MO, USA), centrifuged at 135 × g for 5 minutes, tritu-
rated, and seeded at 2 × 105 cells/well in 24-well plates (Costar, 
Corning, NY, USA). A coverslip covered with poly-L-lysine 
(Sigma) at 0.1 mg/mL concentration was placed in each well. 
D-MEM/F-12, supplemented with fetal bovine serum (5%), 
B-27 (2%) and L-glutamine (0.1 mg/mL), was used for cell 
culture in a humidified chamber at 37°C and 5% CO2. Then, 
24 hours later, cytosine arabinoside (5 μg/mL) was added to 
remove non-neuronal cells. Subsequently, 24 hours later, 
cells were allowed to acclimate to the culture conditions for 
another 24 hours before observation.

Drug administration
After allowing the neurites to freely extend for 48 hours, the 
DRG neurons were pretreated with capsazepine (a TRPV1 
antagonist, 10 μM) (Sigma-Aldrich) for 30 minutes. There-
after, the neurons were treated and cultured for 24 hours 
as follows: (1) formaldehyde group (n = 5), DRG neurons 
were exposed to formaldehyde (Sigma-Aldrich) 10 μM; 
(2) menthol group (n = 5), DRG neurons were exposed to 
menthol (Sigma-Aldrich) 300 μM; (3) PD98059 + formalde-
hyde group (n = 5), PD98059 (an ERK1/2 inhibitor, 10 μM) 
(Cell Signaling Technology, Danvers, MA, USA) was add-
ed 30 minutes before formaldehyde (10 μM) exposure; (4) 
PD98059 + menthol group (n = 5), PD98059 (10 μM) was 
added 30 minutes prior to menthol (300 μM) exposure; (5) 
control group (n = 5), DRG neurons treated only with the 
TRPV1 receptor antagonist capsazepine (10 μM). Because 
TRPA1 and TRPV1 channels interact in neurons (Ruparel 
et al., 2011), capsazepine, a TRPV1 antagonist, was used to 
block the effects of TRPV1.

Real-time polymerase chain reaction (RT-PCR)
DRG neurons were cultured for 48 hours, and then treated 
with the different compounds for an additional 24 hours. 
Thereafter, TRPA1 and CGRP mRNAs, with GAPDH 
mRNA as an internal control, were detected by RT-PCR. 
Briefly, total RNA was isolated with TRIzol (TakaRa Bio-
technology, Dalian, China). cDNA was synthesized using a 
cDNA synthesis kit (Thermo Scientific Molecular Biology, 
Vilnius, Lithuania). RT-PCR was performed using SYBR 
Green dye (Thermo Scientific Molecular Biology) accord-
ing to the manufacturer’s instructions. The thermocycling 
parameters were 50°C for 2 minutes, 94°C for 15 minutes, 
followed by 40 cycles at 94°C for 15 seconds, 58°C for 30 
seconds and 72°C for 30 seconds. The sequences of the oli-
gonucleotide primers for TRPA1, CGRP and GAPDH are 
shown in Table 1. Relative quantification of the target gene 
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was calculated with the 2–ΔΔCt method (Pfaffl, 2001).

Western blot assay
DRG neurons were cultured for 48 hours, and then treated 
with the different agents for an additional 24 hours. Subse-
quently, western blot assay was used to assess TRPA1 and 
CGRP protein expression levels. The procedure for the west-
ern blot assay was similar to that in a previous study (Bai et 
al., 2017). Briefly, RIPA lysis buffer with protease inhibitors 
(Amresco, Solon, OH, USA) was used for homogenizing 
cells. The samples were centrifuged at 10,000 ×g for 20 min-
utes, and the supernatants were collected. After determining 
the protein concentrations of the supernatants using the 
bicinchoninic acid assay, 50 μg of total protein for each sam-
ple was resolved by SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes. The membranes were blocked 
with 5% nonfat milk for 2 hours at room temperature, and 
then incubated with the primary and secondary antibodies 
shown in Table 2. The immunoreactive bands were visual-

ized with an enhanced chemiluminescence western blotting 
detection kit (Millipore, Billerica, MA, USA) using Fluo-
rChem E System (ProteinSimple, Santa Clara, CA, USA). 
The images were analyzed with ImageJ software (NIH Im-
age, Bethesda, MD, USA). The protein levels of TRPA1 and 
CGRP were normalized to β-actin.

Immunofluorescence labeling
DRG neurons were cultured for 48 hours, and then treated 
with the different agents for an additional 24 hours. After 
that, microtubule-associated protein 2 (MAP2) antibody was 
used to label neurons. TRPA1 and CGRP antibodies were 
used for labeling the distinct neuronal subpopulations. Dou-
ble fluorescent labeling was performed with MAP2 antibody 
+ TRPA1 or CGRP antibody. The double fluorescent label-
ing procedure is described in our previous study (Li et al., 
2016). Briefly, the cells were fixed in 4% paraformaldehyde 
for 40 minutes at 4°C, incubated with 0.6% Triton X-100 in 
0.1 M PBS for 60 minutes at room temperature to permeabi-
lize cells, and blocked with 10% normal goat serum for 120 
minutes at room temperature. Subsequently, the cells were 
incubated with the primary and secondary antibodies shown 
in Table 3. The number of TRPA1-positive or CGRP-pos-
itive neurons was counted in five visual fields (one central 
visual field, plus the upper, lower, left and right visual fields) 
per coverslip using a fluorescence microscope (Olympus, 
Tokyo, Japan). The number of MAP2-positive neurons, 
which represent the total number of DRG neurons, was also 
counted in the same five visual fields. Then, the percentage 
of TRPA1-positive neurons or CGRP-positive neurons was 
calculated.

Statistical analysis
SPSS 19.0 software (IBM, Armonk, NY, USA) was used for 
statistical analysis. All quantitative data were expressed as 
the mean ± SD, and analyzed by one-way analysis of vari-
ance. Student-Newman-Keuls or Dunnett’s T3 post hoc test 
was used for analysis of the percentage of TRPA1-positive 

Table 1 Sequences of the oligonucleotide primers

Gene Primer sequences
Product 
size (bp)

TRPA1 5'-TGG ATG AGG ACA ATG ATG GA-3' 
(coding sense)

108

5'-TTT TGG AAT GAA CGG ACA CA-3' 
(coding antisense)

CGRP 5'-CCT TTC CTG GTT GTC AGC ATC TT-3' 
(coding sense)

126

5'-CAG TAG GCG AGC TTC TTC TTC AC-3' 
(coding antisense)

GAPDH 5'-GGC ACA GTC AAG GCT GAG AAT G-3' 
(coding sense)

143

5'-ATG GTG GTG AAG ACG CCA GTA-3' 
(coding antisense)

TRPA1: Transient receptor potential ankyrin 1; CGRP: calcitonin gene-
related peptide; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

Table 2 Primary and secondary antibodies for western blot assay

Category Antibodies Concentration Source

Primary Rabbit anti-TRPA1 
polyclonal IgG

1:1000 Cell signaling 
Technology, Danvers, 
MA, USA

Primary Rabbit anti-CGRP 
polyclonal IgG

1:500 Abcam, Cambridge, 
MA, USA

Primary Mouse anti-β-actin 
monoclonal IgG

1:1000 Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA

Secondary Goat anti-rabbit 
IgG-HRP

1:3000 Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA

Secondary Goat anti-mouse 
IgG-HRP

1:3000 Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA

TRPA1: Transient receptor potential ankyrin 1; CGRP: calcitonin gene-
related peptide; HRP: horseradish peroxidase.

Table 3 Primary and secondary antibodies for fluorescent labeling

Category Antibodies Concentration Source

Primary Rabbit anti-TRPA1 
polyclonal IgG

1:1000 Cell signaling 
Technology, Danvers, 
MA, USA

Primary Rabbit anti-CGRP 
polyclonal IgG

1:400 Abcam, Cambridge, 
MA, USA

Primary Mouse monoclonal 
anti-MAP2

1:400 Abcam, Cambridge, 
MA, USA

Secondary Goat anti-rabbit 
conjugated to Cy3

1:200 Abcam, Cambridge, 
MA, USA

Secondary Goat anti-mouse 
conjugated to Cy2

1:200 Abcam, Cambridge, 
MA, USA

TRPA1: Transient receptor potential ankyrin 1; CGRP: calcitonin gene-
related peptide.
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and CGRP-positive neurons. Dunnett’s T3 test was used to 
analyze TRPA1 and CGRP mRNA and protein levels. P < 
0.05 was considered statistically significant.

Results
TRPA1 and CGRP mRNA levels
The changes in TRPA1 and CGRP mRNA expression after 
TRPA1 receptor activation or inhibition were assessed by 
RT-PCR analysis and one-way analysis of variance in the 
formaldehyde, menthol, PD98059 + formaldehyde, and 
PD98059 + menthol-treated cultures. Formaldehyde raised 
TRPA1 mRNA (P < 0.05) and CGRP mRNA (P < 0.01) lev-
els, whereas menthol reduced TRPA1 mRNA (P < 0.001) 
and CGRP mRNA (P < 0.01) levels. Pretreatment with the 
ERK1/2 inhibitor PD98059 did not affect formaldehyde- or 
menthol-induced TRPA1 mRNA alterations. CGRP mRNA 

changes caused by formaldehyde (P < 0.05), but not men-
thol, were prevented by PD98059 pretreatment (Figure 1).

TRPA1 and CGRP protein levels
The changes in TRPA1 and CGRP protein expression pro-
duced by the various treatments were further evaluated by 
western blot assay and one-way analysis of variance in the 
formaldehyde, menthol, PD98059 + formaldehyde, and 
PD98059 + menthol-treated cultures. Formaldehyde in-
creased TRPA1 (P < 0.01) and CGRP (P < 0.01) expression, 
while menthol inhibited TRPA1 (P < 0.001) and CGRP (P < 
0.001) expression. Pretreatment with the ERK1/2 inhibitor 
PD98059 did not affect formaldehyde- or menthol-induced 
TRPA1 expression changes. CGRP expression changes 
caused by formaldehyde (P < 0.05), but not menthol, were 
blocked by PD98059 pretreatment (Figure 2).
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Figure 1 Transient receptor 
potential ankyrin 1 (TRPA1) and 
calcitonin gene-related peptide 
(CGRP) mRNA levels in dorsal 
root ganglion (DRG) neurons.
(A) TRPA1 mRNA levels and (B) 
CGRP mRNA levels, expressed 
as a ratio to that in the control. 
Formaldehyde raised TRPA1 
mRNA and CGRP mRNA levels. 
Menthol reduced TRPA1 mRNA 
and CGRP mRNA levels. The 
CGRP mRNA increase induced 
by formaldehyde was inhibited 
by PD98059. Data are expressed 
as the mean ± SD (n = 5, one-way 
analysis of variance followed by 
Dunnett’s T3 post hoc test). *P < 
0.05, **P < 0.01, ***P < 0.001.

Figure 2 Protein levels of transient receptor potential ankyrin 1 (TRPA1) and calcitonin gene-related peptide (CGRP).
(A) Immunoblotting for TRPA1 and CGRP. (B, C) Optical density ratio of TRPA1 and CGRP protein relative to the control. Formaldehyde raised 
TRPA1 and CGRP protein levels. Menthol reduced TRPA1 and CGRP protein levels. The CGRP upregulation induced by formaldehyde was inhib-
ited by PD98059. Data are expressed as the mean ± SD (n = 5, one-way analysis of variance followed by Dunnett’s T3 post hoc test). *P < 0.05, **P < 
0.01, ***P < 0.001.
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Figure 3 Double fluorescence for transient 
receptor potential ankyrin 1 (TRPA1) and 
microtubule-associated protein 2 (MAP2) 
in dorsal root ganglion (DRG) neurons.
TRPA1 was visualized with the Cy3-conju-
gated secondary antibody (red). MAP2 was 
visualized with the Cy2-conjugated second-
ary antibody (green). (A) Formaldehyde: 
DRG neurons were exposed to formaldehyde 
10 μM. (B) Menthol: DRG neurons were 
exposed to menthol 300 μM. (C) PD98059 + 
formaldehyde: PD98059 (10 μM) was added 
30 minutes before formaldehyde (10 μM) 
exposure. (D) PD98059 + menthol: PD98059 
(10 μM) was added 30 minutes prior to men-
thol (300 μM) exposure. (E) Control group. 
Scale bar: 100 µm. (F) Histogram (mean ± 
SD) showing quantification of TRPA1-posi-
tive neurons. Formaldehyde elevated the pro-
portion of TRPA1-positive neurons. Menthol 
reduced the proportion of TRPA1-positive 
neurons. The proportion of TRPA1-positive 
neurons is expressed as the mean ± SD (n = 
5, one-way analysis of variance followed by 
Student-Newman-Keuls post hoc test). **P < 
0.01, ***P < 0.001.

Proportion of TRPA1-positive neurons
TRPA1-positive neurons were detected with double fluo-
rescent labeling for TRPA1 and MAP2. The changes in the 
percentage of TRPA1-positive neurons in the formaldehyde, 
menthol, PD98059 + formaldehyde, and PD98059 + men-
thol-treated cultures were analyzed by one-way analysis of 
variance. Compared with the control group, an increase in 
the proportion of TRPA1-positive neurons was observed 
after formaldehyde exposure (P < 0.001), and a decrease was 
observed after menthol exposure (P < 0.01). These results 
suggest that formaldehyde and menthol have differential 

effects on TRPA1 expression in distinct subpopulations of 
neurons. Inhibition of the ERK1/2 pathway with PD98059 
did not affect formaldehyde-induced or menthol-induced 
TRPA1 expression changes (Figure 3).

Proportion of CGRP-positive neurons
The number of CGRP-positive neurons may be modulated by 
peripheral stimulation, and changes in CGRP neurochemical 
phenotype may reflect the responsiveness of distinct CGRP 
neuronal subpopulations to peripheral nociceptor stimula-
tion. Indeed, CGRP expression is restricted to a distinct sub-
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Figure 4 Double immunofluorescence 
for calcitonin gene-related peptide 
(CGRP) and microtubule-associated 
protein 2 (MAP2) in dorsal root 
ganglion (DRG) neurons.
CGRP was visualized with the Cy3-con-
jugated secondary antibody (red). MAP2 
was visualized with the Cy2-conjugated 
secondary antibody (green). (A) Form-
aldehyde: DRG neurons were exposed 
to formaldehyde 10 μM. (B) Menthol: 
DRG neurons were exposed to menthol 
300 μM. (C) PD98059 + formaldehyde: 
PD98059 (10 μM) was added 30 minutes 
before formaldehyde (10 μM) exposure. 
(D) PD98059 + menthol: PD98059 (10 
μM) was added 30 minutes prior to 
menthol (300 μM) exposure. (E) Control 
group. The bar in the figure represents 
100 µm. (F) Histogram (mean ± SD) for 
quantification of CGRP-positive neurons. 
Formaldehyde elevated the proportion 
of CGRP-positive neurons. Menthol re-
duced the proportion of CGRP-positive 
neurons. The increase in CGRP-positive 
neurons induced by formaldehyde was 
inhibited by PD98059. The proportion of 
CGRP-positive neurons is expressed as 
the mean ± SD (n = 5, one-way analysis 
of variance followed by Student-New-
man-Keuls post hoc test). **P < 0.01, 
***P < 0.001.

population of DRGs (Kozłowska et al., 2017). The changes in 
the percentage of CGRP-positive neurons in formaldehyde, 
menthol, PD98059 + formaldehyde, and PD98059 + men-
thol-treated cultures were analyzed by one-way analysis of 
variance. Compared with the control group, the proportion 
of CGRP neurons was increased by formaldehyde exposure 
(P < 0.001), while it was decreased by menthol (P < 0.001). 
PD98059 prevented the change caused by formaldehyde (P < 
0.01), but not that caused by menthol (Figure 4).

Discussion
TRPA1, as a cellular sensor, plays a key role in transducing 
noxious stimuli, and in the generation of neurogenic in-
flammation and hyperalgesia (Kádková et al, 2017; Xie et al., 
2018), perhaps through TRPA1 activation-induced CGRP 
release (Ushio et al., 2013; Borkum, 2018). A subset of TR-
PA1-expressing nociceptors produces and releases CGRP, 
which mediates neurogenic inflammatory responses (Nassini 
et al., 2014). Although TRPA1 is activated or inhibited by 
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several compounds, the mechanisms underlying the TRPA1 
and CGRP expression changes are unclear. In the present 
study, we investigated the effects of formaldehyde, a TRPA1 
activator, and menthol, a TRPA1 blocker, on TRPA1 and 
CGRP expression in primary cultures of sensory neurons 
isolated from newborn rat DRGs. Formaldehyde and men-
thol not only play different roles in nociceptive signaling, as 
reported previously, but they also have differential effects 
on TPPA1 and CGRP expression, as observed in the present 
study. These effects of formaldehyde and menthol on TRPA1 
and CGRP provide new insight into the mechanisms of no-
ciception. Because formaldehyde may also activate TRPV1, 
a TRPV1 antagonist, capsazepine, was used in the present 
study.

Diabetes-related overexpression of TRPA1 may poten-
tiate cold hyperalgesia in streptozotocin-induced diabetic 
rats (Barrière et al., 2012). Although formaldehyde activates 
TRPA1, and capsaicin activates TRPV1, DRG neurons from 
TRPA1-deficient mice (Bautista et al., 2006; Kwan et al., 
2006) are insensitive to formaldehyde and retain the ability 
for capsaicin-induced TRPV1 activation (Kerstein et al., 
2009). A previous study showed that formaldehyde activates 
TRPA1 in a distinct subpopulation of DRG neurons. This 
channel activation is caused by the covalent modification of 
cysteine within TRPA1, resulting in pain transmission by 
various signaling pathways (Macpherson et al., 2007).

The analgesic effect of menthol likely derives from its 
ability to inhibit TRPA1 (Macpherson et al., 2006). TRPA1 
is frequently coexpressed with TRPV1 in neurons from the 
DRG and the trigeminal ganglion (Babes et al., 2004; Akop-
ian et al., 2007; Salas et al., 2009; Staruschenko et al., 2010). 
Direct interactions between TRPA1 and TRPV1 in sensory 
neurons have been shown recently. Certain intrinsic char-
acteristics of the TRPA1 channel are influenced by TRPV1. 
Furthermore, it has been demonstrated that the modula-
tion of TRPV1 affects TRPA1 activity via several signaling 
pathways to influence desensitization (Akopian et al., 2007). 
The TRPA1 agonist formaldehyde also activates TRPV1 in 
neurons from the DRG (Tian et al., 2009). Desensitization 
of TRPV1 caused by TRPA1 inhibition leads to the suppres-
sion of TRPA1, which suggests that TRPA1 and TRPV1 di-
rectly interact (Ruparel et al., 2011). Because formaldehyde 
also activates TRPV1, TRPV1 activity was blocked by pre-
treatment with capsazepine to prevent TRPV1 from impact-
ing TRPA1 activity. Therefore, the effects of formaldehyde 
and menthol on TRPA1 and CGRP expression observed in 
the present study are likely mediated by TRPA1, and not by 
TRPV1.

Our current results suggest that TRPA1 activation up-
regulates TRPA1 and CGRP expression, whereas TRPA1 
inhibition has the converse effect. These findings imply that 
formaldehyde not only directly activates TRPA1 to induce 
CGRP release, but also indirectly by upregulating TRPA1 
and CGRP expression. Similarly, menthol not only directly 
inhibits TRPA1 to block CGRP release, but also indirectly 
by downregulating TRPA1 and CGRP expression. Upreg-

ulation of TRPA1 and CGRP in distinct subpopulations of 
DRG neurons is associated with an increase in neuronal 
activity and hyperalgesia (Ikeda-Miyagawa et al., 2015), 
whereas a decrease in TRPA1 and CGRP is associated with 
a reduction in neuronal activity and anti-hyperalgesia. Ac-
cordingly, TRPA1 and its related neuropeptides very likely 
contribute to the regulation of neuropathic pain.

It has been suggested that TRPA1 has a major role in no-
ciceptive processes, and that selective TRPA1 antagonists 
might possess anti-nociceptive properties (Andrade et al., 
2008). In this study, the expression of both TRPA1 and 
CGRP was modulated by the TRPA1 agonist formaldehyde 
and by the TRPA1 antagonist menthol. These data suggest 
that persistent exposure to formaldehyde would promote 
TRPA1 and CGRP expression, whereas persistent exposure 
to menthol would inhibit TRPA1 and CGRP expression. 
Our findings are consistent with a recent study on inci-
sion-induced TRPA1 upregulation in trigeminal ganglion 
primary sensory neurons (Urata et al., 2015). Our findings 
are also consistent with another recent study showing that 
the TRPA1 antagonist camphor suppresses CGRP produc-
tion (Mihara and Shibamoto, 2015). Therefore, the expres-
sion patterns of TRPA1 and CGRP should be taken into 
consideration when targeting TRPA1 as a potential anti-no-
ciceptive therapeutic strategy.

The formaldehyde-induced nociceptive response is related 
to formaldehyde-specific TRP channels (Coste et al., 2012). 
TRPA1 activation leads to the phosphorylation of ERK1/2 
in DRG neurons from rats (Donnerer et al, 2009; Donnerer 
and Liebmann, 2011; Donnerer et al., 2012; Kondo et al., 
2013). In the present study, the changes in CGRP expres-
sion induced by formaldehyde were partially blocked by 
pretreatment with PD98059. This suggests that the ERK1/2 
signaling pathway participates in the modulation of CGRP 
expression by formaldehyde. Interestingly, PD98059 did not 
affect the menthol-induced reduction in CGRP expression. 
It is possible that by blocking TRPA1 activation, menthol 
circumvents ERK1/2, which is downstream of TRPA1. 
Additionally, PD98059 did not impact the effects of form-
aldehyde and menthol on TRPA1 expression. This suggests 
that the ERK1/2 pathway does not modulate TRPA1 expres-
sion. Furthermore, the effect of PD98059 on the formalde-
hyde-induced change in CGRP expression was very weak, 
suggesting that ERK signaling does not substantially affect 
expression of the upstream TRPA1 receptor. Further studies 
by using organotypic DRG explant cultures, which might 
have mimicked in vivo conditions, should be carried out for 
testing different effects of formaldehyde and menthol. Fur-
thermore, the noxious effect of formaldehyde and the anal-
gesic effect of menthol should be further investigated with 
animal models following peripheral exposure.

In conclusion, the TRPA1 agonist formaldehyde increased 
TRPA1 and CGRP expression, whereas the TRPA1 antago-
nist menthol decreased their expression. The upregulation 
of CGRP caused by formaldehyde might be through activa-
tion of the ERK1/2 signaling pathway. Our novel findings 
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provide a foundation for further study of the expression and 
function of TRPA1 and CGRP in nociceptive processing.
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