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Cold	hyperalgesia	is	a	well-documented	symptom	of	inflammatory	and	neuropathic	pain;	however,	the	under-
lying	mechanisms	of	this	enhanced	sensitivity	to	cold	are	poorly	understood.	A	subset	of	transient	receptor	
potential	(TRP)	channels	mediates	thermosensation	and	is	expressed	in	sensory	tissues,	such	as	nociceptors	
and	skin.	Here	we	report	that	the	pharmacological	blockade	of	TRPA1	in	primary	sensory	neurons	reversed	
cold	hyperalgesia	caused	by	inflammation	and	nerve	injury.	Inflammation	and	nerve	injury	increased	TRPA1,	
but	not	TRPM8,	expression	in	tyrosine	kinase	A–expressing	dorsal	root	ganglion	(DRG)	neurons.	Intrathecal	
administration	of	anti–nerve	growth	factor	(anti-NGF),	p38	MAPK	inhibitor,	or	TRPA1	antisense	oligode-
oxynucleotide	decreased	the	induction	of	TRPA1	and	suppressed	inflammation-	and	nerve	injury–induced	
cold	hyperalgesia.	Conversely,	intrathecal	injection	of	NGF,	but	not	glial	cell	line–derived	neurotrophic	fac-
tor,	increased	TRPA1	in	DRG	neurons	through	the	p38	MAPK	pathway.	Together,	these	results	demonstrate	
that	an	NGF-induced	TRPA1	increase	in	sensory	neurons	via	p38	activation	is	necessary	for	cold	hyperalgesia.	
Thus,	blocking	TRPA1	in	sensory	neurons	might	provide	a	fruitful	strategy	for	treating	cold	hyperalgesia	
caused	by	inflammation	and	nerve	damage.

Introduction
Hyperalgesia to cold stimulation is a well-documented symptom 
of inflammatory and neuropathic pain both in the clinical setting 
and in experimental animal models. Cold hyperalgesia appears to 
be mediated by the activation of unmyelinated or thinly myelin-
ated fibers (1, 2). Indeed, the behavioral signs of cold, but not 
mechanical, allodynia	in rats with nerve injury were mediated 
by capsaicin-sensitive afferents (3, 4). However, the molecular 
mechanisms underlying this abnormal sensitivity to cold remain 
unknown. Temperature is sensed by a subpopulation of periph-
eral primary afferents known as thermoreceptors. Recently, the 
existence of 6 thermosensitive ion channels has been reported, all 
of which belong to the transient receptor potential (TRP) super-
family, including TRPV1, TRPV2, TRPV3, TRPV4, TRPM8 (also 
known as CMR1), and TRPA1 (previously known as ANKTM1) 
(5–8). Among them, TRPA1 and TRPM8 have been identified as 
cold-sensitive ion channels. TRPM8 is activated by menthol and 
cooling, with an activation temperature of approximately 25–28°C 
(9, 10) whereas TRPA1 is activated at approximately 17°C, a tem-
perature that is reported as painfully cold by humans (11, 12).

Neurotrophic factors, which support neuronal survival and growth 
during the development of the nervous system, have attracted atten-
tion because of their important roles in pathological pain (13, 14). 

They include nerve growth factor (NGF), brain-derived neurotrophic 
factor (BDNF), and glial-derived NGF (GDNF). Among them, NGF 
is known to be a major contributor to inflammatory pain (15, 16). 
Levels of NGF increase dramatically in inflamed tissue, and the 
enhanced retrograde transport of NGF increases the expression of 
substance P (SP), calcitonin gene-related peptide (CGRP), BDNF, 
and TRPV1 in tyrosine kinase A–expressing (trkA-expressing) dorsal 
root ganglion (DRG) neurons (13–16). All of the neuropathic pain 
models are created by partial nerve injury in which some primary 
afferents are axotomized and others are spared. There is compelling 
evidence indicating that not only injured primary afferents, but also 
their uninjured neighbors, show an alteration of excitability and gene 
expression and that these changes have functional roles in neuro-
pathic pain (17, 18). For example, SP, CGRP, BDNF, and TRPV1 also 
increase in spared DRG neurons after partial nerve injury (19, 20).

The activation of p38 MAPK in nociceptive neurons participates 
in generating pain hypersensitivity	through transcription-depen-
dent and transcription-independent means (21, 22). We now show 
that NGF-induced p38 activation in primary afferent neurons 
regulates TRPA1 expression after inflammation and nerve injury, 
and this induction of TRPA1 in sensory neurons contributes to 
the development of cold hyperalgesia. Our findings point to the 
potential blockade of TRPA1 in sensory neurons as a new thera-
peutic strategy for inflammatory and neuropathic pain.

Results
TRPA1, but not TRPM8, expression increases in trkA-expressing DRG neu-
rons following peripheral inflammation. We first investigated the role 
of TRPA1 and TRPM8 in cold hyperalgesia after inflammation 
induced by CFA. The CFA injection clearly increased the number 
of paw lifts on a cold plate at 5°C for the 5-minute testing peri-
od (Figure 1A). The number of paw lifts increased from 1.8 ± 0.5  
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before CFA injection to 10.6 ± 2.7 at day 1 and 10.3 ± 2.2 at day 3;  
cold  hyperalgesia  gradually  resolved  by  day  7.  In  contrast, 
contralateral paw lifts were remarkably few (data not shown).

In situ hybridization histochemistry (ISHH) revealed that most 
of the TRPA1 and TRPM8 mRNA-labeled neurons in the DRG 
were small or medium in size (Figure 2A), consistent with pre-
vious studies (9–11). Using a computerized image analysis, we 
found that 32.4% ± 1.8% and 29.1% ± 2.7% of DRG neurons were 
positively labeled for TRPA1 and TRPM8 mRNA in naive control 
rats, respectively (Figure 2B). There was no change in the percent-
age of TRPA1 mRNA–positive neurons on the contralateral side 
(data not shown); however, inflammation induced a significant 
increase in the percentage of TRPA1 mRNA–positive neurons in 
the ipsilateral DRG at days 1 and 3 (44.1% ± 2.9% and 42.0% ± 2.2%, 
respectively); the levels gradually declined, returning to normal by 
day 7 (Figure 2C). This upregulation corresponded well with the 
development and maintenance of CFA-induced cold hyperalgesia. 
In contrast, there was no significant difference in the percentages 
of TRPM8 mRNA–positive neurons over 7 days (Figure 2D). These 
changes in TRPA1 and TRPM8 mRNA were also confirmed by  
RT-PCR (Figure 2E). In the spinal cord, neither TRPA1 nor TRPM8 
mRNA were detected (data not shown).

Several studies have demonstrated an increase in levels of TRPV1 
protein, but not in levels of mRNA, after peripheral inflammation 
(23, 24). Therefore, we examined the changes of TRPM8 expres-
sion in the DRG at the protein level using immunohistochemistry 
(Figure 3A). Consistent with the data obtained from ISHH, there 
was no difference in the percentages of TRPM8-immunoreactive 
neurons at day 3 after inflammation (Figure 3B). We found that 
inflammation increased TRPA1 expression in small- and medium-
size neurons (Figure 2, A and B). Cutaneous nociceptors can be 
divided into 2 broad groups: NGF-responsive/trkA-expressing neu-
rons and GDNF-responsive/c-ret–expressing neurons	(25). Double 
labeling showed that both TRPA1 and TRPM8 heavily colocalized 
with trkA after inflammation (Figure 3C). However, only TRPA1-
expressing neurons coexpressed SP, CGRP, and TRPV1 (Table 1). 
Furthermore, approximately 10% of TRPA1-labeled neurons were 
also labeled for TRPM8, indicating that inflammation increased 
TRPA1 in TRPM8-negative peptidergic neurons.

Anti-NGF and a p38 MAPK inhibitor alleviate inflammation-induced 
cold hyperalgesia and TRPA1 upregulation. NGF injection in a periph-
eral target induces p38 MAPK activation in trkA-expressing DRG 
neurons; activation of p38 MAPK in DRG neurons contributes to 

persistent inflammatory pain via the transcriptional regulation 
of key gene products (23). To determine whether alterations of 
the endogenous NGF and p38 MAPK pathway	might be involved 
in inflammation-induced cold hyperalgesia, anti-NGF or a p38 
MAPK inhibitor, SB203580, was delivered intrathecally before 
CFA injection and maintained for 3 days via a catheter whose tip 
was positioned close to the L4/5 DRG. Intrathecal administration 
of anti-NGF or SB203580 into naive rats produced no significant 
changes in basal pain sensitivity (data not shown). We found that 
both anti-NGF (1 µg/µl–1/h–1) and SB203580 (0.5 µg/µl–1/h–1) infu-
sion significantly inhibited inflammation-induced cold hyperalge-
sia at days 1 and 3 (Figure 4A). Furthermore, anti-NGF reduced 
inflammation-induced heat hyperalgesia and mechanical allodynia 
whereas SB203580 attenuated heat hyperalgesia but not mechani-
cal allodynia at days 1 and 3, consistent with previous reports (23).

We then assessed the effects of anti-NGF and SB203580 on inflam-
mation-induced TRPA1 upregulation in the DRG. CFA induced a 
substantial increase in the percentage of TRPA1-positive neurons in 
the vehicle group at day 3, but pretreatment with either anti-NGF 
or SB203580 prevented this increase (Figure 4B). However, there 
was no apparent change in the expression of TRPM8 (Figure 4C).  
Furthermore, double labeling showed that phosphorylated p38 
(p-p38) was predominantly expressed in TRPA1- but not TRPM8-
positive neurons at day 3 after inflammation (Figure 4D).

NGF, but not GDNF, increases TRPA1 expression in DRG neurons 
through the p38 MAPK pathway. To further investigate the effects of 
NGF and the p38 MAPK pathway on TRPA1 expression in the DRG 
neurons, we injected NGF (1 µg or 10 µg in 10 µl saline) intrathe-
cally into naive rats. Three days after the 10-µg NGF injections, 
46.8% ± 5.7% of the neurons were TRPA1 positive; this percentage 
was higher than that of TRPA1-positive neurons in the saline group 
(32.6% ± 1.5%). This increase, however, was significantly reversed by 
cotreatment with SB203580 (Figure 5A). Additionally, TRPA1 levels 
did not change after the 10-µg GDNF injection, and neither NGF 
nor GDNF significantly altered TRPM8 expression (Figure 5B).

TRPA1 induced in spared DRG neurons contributes to cold hyperalgesia 
following nerve injury. The L5 spinal nerve ligation (SNL) model (26), 
which is one of the most popular models of neuropathic pain, is 
unique because the L4 DRG neurons are clearly separated from the 
axotomized L5 neurons (20). Recent studies have shown increased 
expressions of SP, CGRP, BDNF, and TRPV1 in the spared L4 DRG 
following L5 SNL, which indicates that the molecular phenotyp-
ic changes in the spared L4 DRG are just like those produced by 
peripheral inflammation (18–20). Therefore, we investigated the 
role of TRPA1 and TRPM8 in nerve injury–induced cold hyperal-
gesia using the L5 SNL model. The L5 SNL clearly increased the 
number of paw lifts on a cold plate, and cold hyperalgesia lasted for 
more than 7 days after surgery (Figure 1B). The contralateral side 
of nerve-ligated rats and both sides of sham-operated rats did not 
show cold hyperalgesia (data not shown). We then examined the 
changes of TRPA1 and TRPM8 expression in the L4 and L5 DRG 
after L5 SNL. Seven days after surgery, the L5 SNL decreased both 
TRPA1 and TRPM8 mRNA expression in the L5 DRG (Figure 6A).  
In contrast, the percentage of TRPA1 mRNA–positive	neurons signif-
icantly increased in the L4 DRG at day 7 after L5 SNL (43.1% ± 5.9%),  
mainly in small- to medium-diameter neurons. However, there was 
no change in the expression of TRPM8 in the L4 DRG.

To ascertain whether NGF-induced p38 activation in the unin-
jured L4 DRG regulates TRPA1 expression and contributes to 
cold hyperalgesia after L5 SNL, we administered anti-NGF or 

Figure 1
Time course of the exaggerated response to cold after peripheral inflam-
mation and nerve injury. (A and B) The number of paw lifts on a cold plate 
at 5°C for the 5-minute testing period was examined at days 1, 3, 5, and 7 
after CFA injection (A) and L5 SNL (B). Data represent mean ± SEM; n = 8  
per group. BL, baseline. *P < 0.05 compared with the naive control.
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SB203580 into the intrathecal space. The treatment of anti-NGF 
and SB203580 diminished L5 SNL-induced cold hyperalgesia at 
days 3 and 7 (Figure 6B). Furthermore, we found that both anti-
NGF and SB203580 application blocked the L5 SNL–induced 
increase in TRPA1 but not TRPM8 expression in the spared L4 
DRG at day 7 (Figure 6, C and D).

Knockdown of the TRPA1 gene prevents and reverses inflammation- 
and nerve injury–induced cold hyperalgesia. Our results suggest that 
cold hyperalgesia after inflammation and nerve injury is critically 
dependent on functional TRPA1 in DRG neurons. We therefore 
predicted that a selective knockdown of TRPA1 expression should 
prevent  inflammation- and nerve  injury–induced cold hyper-
algesia. To test this, rats with peripheral inflammation or nerve 
injury were intrathecally treated with either an antisense oligode-
oxynucleotide (AS-ODN) targeting TRPA1 or a mismatch ODN  
(MM-ODN) beginning 12 hours before CFA injection or L5 SNL. 
We found that the CFA- and SNL-induced increase in the num-
ber of paw lifts on a cold plate was significantly less in the TRPA1  
AS-ODN group (0.5 nmol/µl–1/h–1) than in the MM-ODN group 

(0.5 nmol/µl–1/h–1) (Figure 7, A and B). The number of paw lifts in 
the MM-ODN and AS-ODN groups (0.05 nmol/µl–1/h–1) groups 
was not different from that of the vehicle control rats. However, 
AS-ODN had no effect on CFA- and SNL-induced mechanical allo-
dynia and heat hyperalgesia.

We then confirmed that the level of TRPA1 mRNA in the DRG 
neurons of the AS-ODN–treated rats was significantly lower than 
that in the MM-ODN–treated rats (Figure 8A) whereas there was no 
difference in TRPM8 expression between TRPA1 AS-ODN–treated 
rats and control rats both in the CFA model and in the L5 SNL model 
(Figure 8B). The distribution of FITC-labeled ODN showed the pro-
gressive increase in the fluorescence associated with DRG cell bodies, 
indicating that the uptake of the ODN occurred in a time-dependent 
manner (Figure 8C). Furthermore, the treatment with AS-ODN, 
beginning 12 hours after CFA injection, reversed the inflammation-
induced cold hyperalgesia at day 3 but not at day 1 (Figure 8D).

Noxious cold stimulation induces very rapid phosphorylation of p38 MAPK 
through the TRPA1 channel. Recent work has failed to reproduce cold 
responsiveness in TRPA1 in vitro (27). To investigate how TRPA1 

Figure 2
Marked upregulation of TRPA1, but not TRPM8, mRNA in DRG neurons after peripheral inflammation induced by CFA. (A) Bright- and dark-field pho-
tomicrographs of ISHH showing expression of TRPA1 and TRPM8 mRNA in the naive DRG and the ipsilateral DRG at day 1 after inflammation. Scale 
bars: 100 µm. (B) Scatterplot diagrams made by plotting the individual cell profiles at day 1 after CFA injection. The gray lines represent the borderlines 
between the negatively and positively labeled neurons (signal/noise [S/N] ratio = 10). (C and D) Time course of the mean percentages of TRPA1 (C) 
and TRPM8 (D) mRNA–positive neurons after CFA injection. (E) mRNA expression of TRPA1 and TRPM8 in the DRG after inflammation, as detected 
by RT-PCR. Quantification of RT-PCR data is shown at right. Data represent mean ± SD; n = 4 per group. *P < 0.05 compared with the naive control.
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can be activated by noxious cold stimulation in vivo, we examined 
the phosphorylation of p38 MAPK in the DRG 2 minutes after nox-
ious cold stimulation. We did this because activation of p38 in pri-
mary afferents is involved in acute nociceptive processing by a non-
transcriptional mechanism and examination of p-p38 is very useful 
as an indicator of the activated DRG neurons after noxious stimula-
tion in vivo (28). We applied thermal stimulation by immersion of 
the hind paw of naive rats into cool to cold water (28°C, 16°C, and 
4°C) and found that at 28°C, there was no increase in p38 phos-
phorylation in the DRG (Figure 9, A and B). However, noxious cold 
stimulation at lower temperatures (16°C and 4°C) increased the 
phosphorylation of p38 in the DRG, mainly in small-size neurons 
2 minutes after stimulation. Double labeling showed that at 4°C, 
the majority of the p-p38–labeled neurons also expressed TRPA1  
(Figure 9C). Furthermore, we found that pretreatment with AS-ODN 
but not MM-ODN inhibited noxious cold stimulation–induced p38 
activation (Figure 9D), which suggests that the TRPA1 channel is 
required for p38 activation after noxious cold stimulation.

Discussion
The  present  study  demonstrates  the  following  new  findings: 
(a) CFA and SNL increased TRPA1, but not TRPM8, expression 
in trkA-expressing DRG neurons; (b) anti-NGF and SB203580 
decreased the induction of TRPA1 and alleviated cold hyperalgesia 
after injection of CFA and SNL; (c) TRPA1 AS-ODN prevented and 
reversed only cold hyperalgesia after injection of CFA and SNL; 
(d) NGF, but not GDNF, increased TRPA1 expression in DRG 
neurons via p38 MAPK activation; (e) noxious cold stimulation 
induced p38 activation in TRPA1-containing neurons, but p38 
activation was prevented by administration of TRPA1 AS-ODN.

Because of beneficial effects of cooling on pain, there have been 
few studies examining the underlying mechanisms of cold hyperal-
gesia after peripheral inflammation. However, cold hyperalgesia is 
often observed in patients suffering from rheumatoid arthritis (29), 
and noxious, but not innocuous, cold (< 10°C) induces an exag-
gerated response after CFA induces inflammation in rats (30, 31).  
We found that TRPA1, but not TRPM8, expression increased in 
trkA-expressing DRG neurons after inflammation and that the 
time course of the change in TRPA1 level in the DRG matched the 
emergence of enhanced sensitivity to cold (5°C). Furthermore, anti-
NGF and SB203580 diminished this inflammation-induced cold 
hyperalgesia and TRPA1 upregulation. Because TRPA1 is activated 
by cold-range temperatures with a threshold of approximately 
17°C, which is close to the reported noxious cold threshold (11, 12),  
these findings suggest that inflammation increases TRPA1 expres-
sion in DRG neurons via an NGF-induced p38 activation and that 
this induction of TRPA1 contributes to hyperalgesia to noxious, 
but not innocuous, cold stimulation.

We found that after inflammation, TRPA1-expressing neurons 
expressed SP and CGRP whereas TRPM8 did not colocalize with 

Figure 3
No change of TRPM8 protein in the DRG and no overlap between TRPM8- and TRPA1-expressing neurons after inflammation. (A) Protein expres-
sion of TRPM8 in the naive DRG and the ipsilateral DRG at day 3 after inflammation, as detected by immunohistochemistry. TRPM8-immunore-
active (TRPM8-IR) neurons were invariably small or medium in size (arrows). (B) Quantification of the percentage of TRPM8-IR neurons at day 
3 after CFA injection. (C) Double labeling by a combined method of ISHH and immunohistochemistry for TRPA1 or TRPM8 mRNA and trkA-IR, 
SP-IR, CGRP-IR, and TRPV1-IR in the DRG at day 3 after CFA injection. Double labeling for TRPA1 and TRPM8 mRNA by dual ISHH is shown at 
right. TRPA1- and TRPM8-expressing neurons were clearly distinguishable. Open arrows indicate double-labeled neurons. Scale bars: 50 µm.

Table 1
Percentages of trkA-IR, SP-IR, CGRP-IR, or TRPV1-IR neurons 
in TRPA1 or TRPM8 mRNA–positive neurons in the DRG

	 trkA	(%)	 SP	(%)	 CGRP	(%)	 TRPV1	(%)
TRPA1 51.8 ± 7.7 71.2 ± 8.9 73.4 ± 2.4 77.4 ± 3.7
TRPM8 82.4 ± 4.9 8.7 ± 8.3 23.9 ± 4.5 11.1 ± 2.3

Percentages were determined on day 3 after CFA injection. n = 4.
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these nociceptive markers. Further, there was no overlap between 
TRPM8- and TRPA1-expressing neurons. Because our histological 
characterization does not address whether the number of active 
receptors changed, we cannot deny the possibility that TRPM8 may 
participate in inflammation-induced cold hyperalgesia. However, 
it seems likely that TRPA1 and TRPM8 are expressed in sensory 
neurons in 2 clearly distinct populations and might have different 
functional roles in pathological pain conditions. An unexpected 
finding in the present study was that neither inflammation nor 
NGF injection increased TRPM8 expression, although TRPM8 
heavily colocalizes with trkA. Furthermore, TRPM8-expressing 
neurons did not coexpress TRPV1 after inflammation. In primary 
cultures, approximately 50% of the menthol-sensitive neurons also 
respond to capsaicin in the presence of NGF (11), and sensitivity to 
cold and capsaicin in these neurons was increased by NGF (32, 33).  
This discrepancy may be due to the high levels of NGF, which 
sensitize and upregulate TRPV1 levels, that are present in these 
cultures (6, 11). On the other hand, the percentages of TRPA1 and 
TRPM8 mRNA–positive	neurons in the present study are much 
larger than those previously obtained in mouse DRG (3.6% for 
TRPA1 and 5–10% for TRPM8) (9–11). This discrepancy may be 
due to the species difference in ion channel expression between 
rat and mouse DRGs. Alternatively, another explanation is that 
there were differences in the criterion used to distinguish between 
positively and negatively labeled neurons (34).

Cold hyperalgesia is also a common feature of neuropathic pain, 
for which there is currently no effective therapy. In previous stud-
ies, much attention was focused on the directly damaged primary 
afferents and their influence on the activity of the dorsal horn neu-
rons (35, 36). However, it is evident that the spared L4 DRG neu-
rons and their fibers are also functionally important in the main-
tenance of neuropathic pain in the L5 SNL model (17, 18). For 
example, L4, but not L5, dorsal rhizotomy can reverse mechanical 

allodynia (37), and spontaneous activity in C fibers from the L4 
spinal nerve has been recorded (38). A recent report of an in vitro 
study showed that after L5 SNL, the percentage of cold-responsive 
neurons increased in the uninjured neighbors of injured neurons, 
with no significant changes in the response properties (39). These 
observations are consistent with our data showing that L5 SNL 
increased TRPA1 expression in the uninjured L4 DRG.

We also found that both anti-NGF and SB203580 prevented L5 
SNL–induced cold hyperalgesia. Wallerian degeneration following 
nerve lesion leads to an increase in cytokines and growth factors 
(40, 41). NGF content increases as early as 1 day after L5 SNL in 
the sciatic nerve, which contains both axotomized L5 nerves and 
spared L4 nerves (19).The MAPK family includes ERK, p38 MAPK, 
and JNK, and we recently demonstrated that L5 SNL induces acti-

Figure 4
Anti-NGF and a p38 MAPK inhibitor reverse cold hyperalgesia and TRPA1 upregulation induced by inflammation. (A) Cold and heat hyperalgesia 
were tested using the cold plate test and the plantar test, respectively, at days 1 and 3 after CFA injection. Mechanical allodynia was determined 
with a Dynamic Plantar Aesthesiometer. Data represent mean ± SEM; n = 8 per group. (B and C) Quantification of the percentages of TRPA1 
(B) and TRPM8 (C) mRNA–positive neurons at day 3 after CFA injection. Data represent mean ± SD; n = 4 per group. (D) Double labeling for 
TRPA1 or TRPM8 mRNA and p-p38–IR at day 3 after CFA injection. Open arrows indicate double-labeled neurons. SB, SB203580. *P < 0.05 
compared with the naive control; #P < 0.05 compared with the vehicle group. Scale bar: 50 µm.

Figure 5
NGF, but not GDNF, induces an increase of TRPA1 expression in 
DRG neurons via p38 MAPK activation. Quantification of the per-
centage of TRPA1 (A) and TRPM8 (B) mRNA–positive neurons at 
day 3 after the injection. Data represent mean ± SD; n = 4 per group. 
*P < 0.05 compared with the naive control. #P < 0.05 compared with 
the NGF 10-µg group.
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vation of p38, but not ERK or JNK, in the L4 DRG through altera-
tions in the target-derived NGF (20). Some reports have shown 
that deprivation of NGF does not attenuate cold hyperalgesia in 
other neuropathic pain models (42, 43). Nevertheless, our observa-
tions suggest that after L5 SNL, NGF is synthesized and released in 
the degenerative nerve fibers and acts upon nearby sensory fibers, 
inducing TRPA1 upregulation in the intact L4 DRG through the 
p38 MAPK pathway and thus increasing cold hyperalgesia.

The role of TRPA1 in cold transduction is still controversial; a 
recent report showed that TRPA1 was not activated by cooling 
to 4°C in vitro (27). Indeed, TRPA1 can be activated by stimula-
tion other than temperature, such as mustard oils and a cannabi-
noid compound by bath application (12, 27). However, we found 
that TRPA1 AS-ODN reversed only cold hyperalgesia induced by 
inflammation and nerve injury. In addition, noxious cold stimu-
lation induced a stimulus intensity–dependent	p38 MAPK acti-
vation, predominantly in TRPA1-expressing neurons, which was 
prevented by administration of TRPA1 AS-ODN. Although it is 
possible that the phosphorylation of MAPK may not be an accu-
rate reflection of activity (28, 44), our findings indicate that nox-
ious cold stimulation is one of the most likely physiological acti-
vators of TRPA1 in vivo. Alternatively, other membrane proteins, 
such as K+ channels, Na+/K+ ATPases, and degenerin/epithelial 
sodium channels, may also be involved in transduction of signals 
mediating cold sensing (45).

We also cannot exclude the possibility that the results of the 
cold plate test may reflect a number of pathophysiological alter-
nations in the spinal cord and the higher central nervous system, 

especially in the neuropathic pain model (46). For example, the 
effects of the p38 MAPK inhibitor on pathological pain can be 
mediated by the inhibition of p38 activation in the spinal cord 
(47, 48). However, several reports showed that p38 inhibition in 
the DRG occurred after intrathecal administration of SB203580, 
using the same dosage in the present study (20, 23). Furthermore, 
TRPA1 is specifically expressed in primary sensory neurons but 
not in the spinal cord or brain (6, 11). In fact, we demonstrated 
that pharmacologically preventing the induction of TRPA1 in 
DRG neurons attenuated cold hyperalgesia. Taken together, these 
results indicate that increased TRPA1 in primary afferent neurons 
probably has a crucial role in the pathogenesis of cold hyperalge-
sia after inflammation and nerve injury. Considering that TRPV1 
upregulation in sensory neurons contributes to inflammation and 
nerve injury–induced heat hyperalgesia (8, 20), blocking TRPA1 
and TRPV1 simultaneously may represent a new approach to effec-
tively treating clinical inflammatory and neuropathic pain.

Methods
Animals. Male Sprague-Dawley rats weighing 200–250 g were used. All proce-
dures were approved by the Hyogo College of Medicine Committee on Ani-
mal Research and were performed in accordance with National Institutes of 
Health guidelines on animal care. Rats that did not receive surgery (n = 8) were 
used as naive controls for immunohistochemistry, ISHH, and RT-PCR.

Surgical procedures. All procedures were performed with the rats under pen-
tobarbital anesthesia (50 mg/kg, i.p.). For peripheral inflammation, the rats 
received a subcutaneous injection of 100 µl of CFA diluted 1:1 with saline into 
the plantar surface of the left hind paw. For partial nerve injury, we used the 

Figure 6
Anti-NGF and a p38 MAPK inhibitor suppress cold hyperalgesia and TRPA1 upregulation in the spared L4 DRG neurons caused by injury to the 
L5 spinal nerve. (A) Dark-field photomicrograph of ISHH showing the expression of TRPA1 and TRPM8 mRNA in the naive DRG, the injured 
L5 DRG, and the intact L4 DRG at day 7 after L5 SNL. (B) Cold hyperalgesia was determined using the cold plate test at days 3 and 7 after L5 
SNL. Data represent mean ± SEM; n = 8 per group. (C and D) Quantification of the percentage of TRPA1 (C) and TRPM8 (D) mRNA–positive 
neurons at day 7 after surgery. Data represent mean ± SD; n = 4 per group. *P < 0.05 compared with the naive control; #P < 0.05 compared with 
the vehicle group. Scale bar: 100 µm.
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SNL model (26) with the following modification: the left L5 spinal nerve was 
tightly ligated and cut just distal to the ligature. In sham-operated rats, the 
nerve was exposed without ligation. Intrathecal delivery of 10 µl of NGF (1 µg 
or 10 µg; R & D Systems), GDNF (10 µg; R & D Systems), and the p38 inhibi-
tor SB203580 (10 µg; Calbiochem) was performed as previously described 
(19). To obtain a sustained drug infusion, an ALZET osmotic pump (7 day 
pump, 1 µl/hr; DURECT) was filled with SB203580 (0.5 µg/µl) in 50% DMSO 
or anti-NGF antibody (1 µg/µl; Chemicon International) in saline, and the 
associated catheter was implanted intrathecally 12 hours before CFA injec-
tion or L5 SNL. The lack of effects of DMSO was determined in preliminary 
experiments, consistent with previous reports (49, 50). AS-ODN (5′-TCTAT-
GCGGTTATGTTGG-3′), MM-ODN (5′-ACTACTACACTAGACTAC-3′), and 
FITC-labeled ODN directed to TRPA1 were designed and manufactured by 
BIOGNOSTIK. Although it has frequently been questioned whether ODN 
can reach DRG with sufficient concentration by intrathecal delivery, sev-
eral reports have demonstrated that intrathecal ODN accumulates in DRG 
cells (51, 52). Therefore, AS-ODN (0.05 or 0.5 nmol/µl–1/h–1) and MM-ODN  
(0.5 nmol/µl–1/h–1) were delivered intrathecally by an osmotic pump either 12 
hours before CFA injection or L5 SNL or 12 hours after CFA injection.

Stimulation. Cold (28°C, 16°C, and 4°C) stimulation was produced by 
immersion of the hind paw into a water bath (6 times in 10 seconds, inter-
val 10 seconds, total 2 minutes). The survival time after stimulation in all 
experiments was 2 minutes. In an additional group of rats, either AS-ODN 
(0.05 or 0.5 nmol/µl–1/h–1) or MM-ODN (0.5 nmol/µl–1/h–1) was delivered 
intrathecally by an osmotic pump 24 hours before stimulation.

Behavioral analysis. Rats were habituated and basal pain hypersensitivity 
was tested before drug administration or surgery. Room temperature and 
humidity remained stable for all experiments. To estimate cold sensitiv-

ity of the paw, the cold plate test was performed as previously described 
(31, 46). Briefly, each rat was placed in a plastic cage with a Peltier plate 
(Neuroscience) kept at a cold temperature (5 ± 0.5°C). After 5 minutes of 
adaptation, the number of paw lifts in the next 5 minutes was recorded. 
Paw withdrawal latency to a noxious heat stimulus was measured using 
the Hargreaves radiant heat apparatus. Mechanical withdrawal thresholds 
on the plantar surface of the hind paw were measured with a Dynamic 
Plantar Aesthesiometer (Ugo Basile), which is an automated von Frey–
type system. The threshold was taken as the force applied to elicit a reflex 
removal of the hind paw. Both latencies and threshold were determined 
as the mean of 3 measurements per paw (20).

Immunohistochemistry. The left L4/5 DRGs (16 µm) were cut and processed 
for trkA, SP, CGRP, TRPV1, TRPM8, and p-p38 immunohistochemistry 
according to previously described methods (53). The polyclonal primary 
antibodies were used in the following dilutions: trkA, 1:400 (Chemicon 
International); SP, 1:400 (DiaSorin); CGRP, 1:400 (Amersham Bioscienc-
es); TRPV1, 1:400 (Oncogene Science); TRPM8, 1:100 (developed by M. 
Tominaga, Okazaki Institute for Integrative Bioscience); and p-p38, 1:400 
(Cell Signaling Technology).

ISHH. The procedure for ISHH was performed according to previously 
described methods (54). The rat TRPA1 and TRPM8 cRNA probes cor-
responding to nucleotides 302–788 and 264–837, respectively, were pre-
pared. For the double labeling of TRPA1 or TRPM8 mRNA and trkA, SP, 
CGRP, TRPV1, or p-p38 protein, immunohistochemical staining of trkA, 
SP, CGRP, TRPV1 or p-p38 was performed using an avidinbiotinylated 
peroxidase complex (ABC) kit (Vector). Afterwards, TRPA1 and TRPM8 
mRNA were detected using ISHH with a radioisotope-labeled probe as 
previously described (55). For the double labeling of TRPA1 and TRPM8 

Figure 7
Reversal of hyperalgesia to cold by a selective blockade of TRPA1 expression. (A and B) Pretreatment with TRPA1 AS-ODN (0.5 nmol/µl–1/h–1) 
(AS 0.50) prevents cold hyperalgesia, but not heat hyperalgesia or mechanical allodynia, induced by peripheral inflammation (A) and injury to 
the L5 spinal nerve (B). Cold and heat hyperalgesia were tested using the cold plate test and the plantar test, respectively, at days 1 and 3 after 
CFA injection or at days 3 and 7 after L5 SNL. Mechanical allodynia was examined using a Dynamic Plantar Aesthesiometer. Data represent 
mean ± SEM; n = 8 per group. #P < 0.05 compared with the MM-ODN (0.5 nmol/µl–1/h–1) (MM 0.50) group.
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mRNA, we used dual ISHH with digoxigenin-labeled and  35S-labeled 
probes in the same sections as previously described (55). At least 1200 
neurons from 4 rats were quantified for each AS probe in the single ISHH 
and the combined immunohistochemistry/ISHH study according to pre-
viously described methods (55).

RT-PCR. RT-PCR analyses were carried out according to previously 
described methods (20). PCR amplification was performed using Taq DNA 
polymerase (PerkinElmer) and primers specific for the following: Trpa1, 
5′-CCCCACTACATTGGGCTGCA-3′  and  5′-CCGCTGTCCAGGCA-
CATCTT-3′; Trpm8, 5′-GCCCAGAGCCAGCATATCGA-3′ and 5′-CCA-
CAAGCAGCAGGTGGGTA-3′; and Gapd (GAPDH), 5′-TGCTGGTGCT-
GAGTATGTCG-3′ and 5′-GCATGTCAGATCCACAACGG-3′. The ratio of 
TRPA1 or TRPM8 to GAPDH mRNAs was considered to indicate the level 

of each transcript. The mRNA level was expressed as a percentage of the 
mRNA level in the normal control ganglia.

Statistical analyses. Differences of values between treatment groups were 
tested using 1-way ANOVA followed by individual post hoc comparisons 
(Fisher exact test) or pairwise comparisons (2-tailed Student’s t test). P < 0.05  
was accepted as significant.
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