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ABSTRACT 
Complex regional pain syndrome type I (CRPS-I) is characterized by intractable 

chronic pain. Poor understanding of the underlying mechanisms of CRPS-I accounts for 
the current unsatisfactory treatment. Antioxidants and antagonists of the oxidative stress-
sensitive channel, the transient receptor potential ankyrin 1 (TRPA1), have been found to 
attenuate acute nociception and delayed allodynia in models of CRPS-I, evoked by 
ischemia and reperfusion (I/R) of rodent hind limb (chronic post ischemia pain, CPIP). 
However, it is unknown how I/R may lead to chronic pain mediated by TRPA1. Here, we 
report that the prolonged (day 1-15) mechanical and cold allodynia in the hind limb of 
CPIP mice was attenuated permanently in Trpa1-/- mice and transiently after 
administration of TRPA1 antagonists (A-967079 and HC-030031) or an antioxidant (α-
lipoic acid). Indomethacin treatment was, however, ineffective. We also found that I/R 
increased macrophage (F4/80+ cell) number and oxidative stress markers, including 4-
hydroxynonenal (4-HNE), in the injured tibial nerve. Macrophage-deleted MaFIA 
(Macrophage Fas-Induced Apoptosis) mice did not show I/R-evoked endoneurial cell 
infiltration, increased 4-HNE and mechanical and cold allodynia. Furthermore, Trpa1-/- 
mice did not show any increase in macrophage number and 4-HNE in the injured nerve 
trunk. Notably, in mice with selective deletion of Schwann cell TRPA1 (Plp1-
Cre;Trpa1fl/fl mice), increases in macrophage infiltration, 4-HNE and mechanical and 
cold allodynia were attenuated. In the present mouse model of CRPS-I, we propose that 
the initial oxidative stress burst that follows reperfusion activates a feed forward 
mechanism that entails resident macrophages and Schwann cell TRPA1 of the injured 
tibial nerve to sustain chronic neuroinflammation and allodynia. Repeated treatment one 
hour before and for 3 days after I/R with a TRPA1 antagonist permanently protected CPIP 
mice against neuroinflammation and allodynia, indicating possible novel therapeutic 
strategies for CRPS-I. 

Keywords: macrophage, nociception, Schwann cells, HC-030031, A-967079, 4-HNE, 
allodynia.
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INTRODUCTION 

Complex regional pain syndromes (CRPSs), previously known as reflex 
sympathetic dystrophy or causalgia (Norman and Bruehl, 2006), comprise two painful 
conditions (Gierthmühlen et al., 2014; Jänig and Baron, 2003) that develop following 
minor or major injuries with either little or no obvious nerve damage (CRPS type I, 
CRPS-I), or clear evidence of nerve damage (CRPS type II, CRPS-II) (Birklein and 
Dimova, 2017; Gierthmühlen et al., 2014). CRPS-I is more prevalent than CRPS-II 
(Gierthmühlen et al., 2012; Jänig and Baron, 2003), usually involves a single limb, is 
associated with pain, sensory, motor, or autonomic impairment, and afflicts patient’s 
quality of life with a huge emotional and psychological burden. Usually, CRPS-I develops 
from an exaggerated inflammatory response to tissue trauma that may be treated using 
anti-inflammatory drugs, but can evolve towards a neuropathic pain condition which may 
become intractable (Birklein and Dimova, 2017; Gierthmühlen et al., 2014; Goh et al., 
2017). The mechanisms implicated in the chronification of pain in CPRS-I are poorly 
understood, thus limiting the possibility to provide satisfactory treatments to affected 
patients (Goh et al., 2017). Therefore, the identification of the underlying mechanisms of 
CRPS-I is necessary in order to offer novel and effective pain relief strategies to patients.  

The transient receptor potential ankyrin 1 (TRPA1) channel, expressed in 
peptidergic nociceptors and glial cells (De Logu et al., 2017; Moran and Szallasi, 2017), 
is exquisitely sensitive to oxidants generated at sites of tissue damage or inflammation, 
such as hydrogen peroxide (H2O2) and 4-hydroxynonenal (4-HNE) (Taylor-Clark et al., 
2009; Trevisani et al., 2007). TRPA1 is implicated in mechanical and cold 
hypersensitivity observed in a variety of models of inflammatory, neuropathic and cancer 
pain (Antoniazzi et al. 2018; Bonet et al. 2013; Eid et al. 2008; De Logu et al. 2016; 
McGaraughty et al. 2010; Petrus et al. 2007; Trevisan et al. 2013). We recently showed 
that a single systemic administration of a TRPA1 antagonist (HC-030031) produced a 
transient attenuation of mechanical and cold allodynia in a rat (Klafke et al., 2016) and 
mouse (De Prá et al. 2019) model of CRPS-I, evoked by ischemia and reperfusion (I/R) 
of the rodent hind limb (chronic post-ischemia pain, CPIP) (Coderre et al., 2004). 
Oxidative stress increase has been documented in models of CRPS-I (Coderre et al., 2004; 
Klafke et al., 2016), and some clinical reports showed that antioxidant treatment reduces 
symptoms of CRPS-I caused by trauma and surgery (Birklein and Dimova, 2017; Lin et 
al., 2018; Perez et al., 2003). Oxidants produced by I/R have the potential to activate 
TRPA1-dependent pain-like behaviors (Sasaki et al., 2014; So et al., 2016). However, the 
mechanism responsible for the activation of oxidative stress and the consequent 
implication of TRPA1 to sustain chronic allodynia in CPIP mice is unknown. 

In the present study, we have investigated the cellular and biochemical mediators 
that contribute to the TRPA1-dependent mechanisms that, evoked by I/R, initiate and 
sustain mechanical and cold allodynia.  Results showing that TRPA1 genetic deletion 
provided permanent protection against allodynia in CPIP mice support previous evidence 
obtained with pharmacological antagonism (De Prá et al., 2019; Klafke et al., 2016) and 
strengthen the hypothesis that TRPA1 plays a major role in CPIP. Recently, we reported 
in a mouse model of neuropathic pain (partial sciatic nerve ligation) that nerve injury 
promotes the recruitment of macrophages, which, via their own oxidative burst, activate 
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TRPA1 in Schwann cells. Such activation results in a NADPH oxidase 1 (NOX1)-
dependent amplification of the oxidative burden of the injured tissue that eventually 
signal pain (De Logu et al., 2017). Thus, we wondered whether macrophages could 
contribute to CPIP in mice and whether Schwann cell TRPA1 was implicated in the 
neuroinflammatory pathway that underlies allodynia. By using mice in which the 
monocyte/macrophage population is depleted and mice harboring a selective deletion of 
TRPA1 in Schwann cells, we found that both macrophages invading the endoneural space 
and Schwann cell TRPA1 are essential for promoting and maintaining allodynia. Finally, 
permanent attenuation of allodynia by a brief (before and after tourniquet application) 
treatment with a TRPA1 antagonist indicates possible novel therapeutic strategies for 
CRPS-I. 

RESULTS

Mechanical and cold allodynia induced by prolonged IR are mediated by TRPA1 
in mice

Ischemia was produced by placing a tourniquet on one hind limb of anesthetized 
mice just proximal to the ankle joint for 2 hours, and then removing it to allow 
reperfusion. C57BL/6J mice undergoing I/R developed a prolonged mechanical and cold 
allodynia that was already maximal at day 1 and was maintained until the last day of 
observation (day 15) (Figure 1A). As previously reported (De Prá et al., 2019) no 
differences were observed between female and male mice in I/R-induced mechanical and 
cold allodynia (Figure 1A). C57BL/6J mice undergoing I/R developed a mild but already 
significant mechanical and cold allodynia 6, 12 and 24 hours after I/R (Suppl Figure 1A). 
The essential role of the TRPA1 channel was underlined by the observation that 
mechanical and cold allodynia were similar in both Trpa1+/+ and C57BL/6J mice, while 
no allodynia was present in  Trpa1-/- mice throughout the entire period of observation 
from day 1 to 15 (Figure 1B). On day 15 after I/R, a single systemic (intragastric, i.g.) 
administration of two chemically unrelated TRPA1 antagonists, A-967079 (100 mg/kg, 
i.g.) (Figure 1C) and HC-030031 (300 mg/kg, i.g.) (Figure 1D) attenuated mechanical and 
cold allodynia in C57BL/6J mice. Complete inhibition was observed at 1 and 2 hours, while 
allodynia completely recovered 3 hours after drug administration (Figure 1C, D). 
Expression of TRPA1 mRNA measured by RT-qPCR was similar in homogenates of dorsal 
root ganglia (DRGs) obtained from C57BL/6J mice at day 15 from I/R or sham procedure. 
In fact, TRPA1 mRNA expression relative to β-actin was 4.78•10-7 ± 7.40•10-8 (n=6 mice) 
and 3.26•10-7 ± 3.58•10-8 (n=6 mice), respectively, indicating that allodynia is not 
associated with changes in channel expression in nociceptors.

I/R-evoked increase in oxidative stress is TRPA1-dependent
To explore the role of oxidative stress in the pain-like responses evoked by I/R, the 

effect of the antioxidant, α-lipoic acid, was investigated. On day 15 after the tourniquet 
application, systemic administration of α-lipoic acid (100 mg/kg, i.g.) attenuated both 
mechanical and cold allodynia evoked in C57BL/6J mice. Mechanical and cold allodynia 
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were markedly attenuated 1 hour after and returned to baseline values 3 hours after α-
lipoic acid administration (Figure 2A). 

To support these pharmacological results, some oxidative stress biomarkers, such 
as H2O2 levels, 4-HNE staining and NOX and superoxide dismutase (SOD) activities, 
were measured in segments of the tibial nerve from the ankle of C57BL/6J after I/R. At 
day 15 after I/R, H2O2 level, and NOX and SOD activities were markedly increased in 
CPIP as compared to sham C57BL/6J mice (Figure 2B, C and D). In particular, 4-HNE, 
an end-product of oxidative stress (Dalle-Donne et al., 2006), was used to further explore 
the mechanisms responsible for the generation of oxidative stress. At day 15 a robust 
increase in 4-HNE staining was detected in sections of nerve of C57BL/6J CPIP mice 
(Figure 2E). Notably, the marked increase in 4-HNE staining in sections of nerve present 
in Trpa1+/+ was completely absent in Trpa1-/- CPIP mice, indicating an essential role of 
the channel in generating oxidative stress (Figure 2F). 

Macrophage accumulation is essential to evoke I/R-evoked mechanical and cold 
allodynia

Next, we explored the molecular and biochemical events responsible for the pain-
producing oxidative burden. The observation that, at day 15 after I/R, indomethacin 
administration (30 mg/kg, i.g.) did not affect mechanical or cold allodynia in C57BL/6J 
CPIP mice, indicates that inhibition of prostaglandin synthesis cannot reverse these pain-
like responses (Figure 3A). In another model of CRPS induced by tibial fracture, the 
activation and recruitment of innate immune cells, including myeloid cells, such as 
macrophages, have been reported in the spinal cord and brain (Cropper et al., 2019). In 
our model, we observed that at day 15 after I/R the number of infiltrating F4/80+ cells in 
the injured tibial nerve trunk of C57BL/6J CPIP mice was significantly higher than that 
observed in sham mice (Figure 3B). As reported for behavioral responses, no difference 
between males and females was observed in the number of macrophages infiltrating the 
tibial nerve (Figure 3B). The F4/80+ cell infiltration in the tibial nerve showed a time-
dependent increase (6, 12 and 24 hours after I/R) that was temporally associated with the 
increase in mechanical and cold allodynia (Suppl Figure 1B).

Next, we investigated the mechanism underlying the recruitment of macrophages 
and whether they sustain mechanical and cold allodynia. The increase in F4/80+ cell 
numbers, which was documented in Trpa1+/+, was reduced in Trpa1-/- CPIP mice (Figure 
3C). This finding underlines the key role of TRPA1 in promoting the macrophage 
accumulation into the endoneurial space of the nerve trunk at the site of the I/R-evoked 
injury. To better understand the role of macrophages in pain and neuroinflammation, we 
used Macrophage Fas-Induced Apoptosis (MaFIA) mice, expressing a green fluorescent 
protein (GFP) reporter and, a drug inducible Fas suicide gene under control of the 
macrophage colony stimulating factor (M-CSF) receptor promoter (Burnett et al., 2004). 
MaFIA mice were initially treated for 5 consecutive days (day 10-14) after tourniquet 
application with the B/B homodimerizer (B/B-HmD) agent, AP20187 (2 mg/kg, i.p.), to 
induce apoptosis in the entire monocyte/macrophage population (Burnett et al., 2004). At 
day 4 after initiation of B/B-HmD treatment, mechanical and cold allodynia (Figure 3D), 
the number of infiltrating macrophages/GFP+ cells (Figure 3E) and the staining of 4-HNE 
(Figure 3F) in the injured tibial nerve trunk were markedly attenuated, thus underlining 
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the crucial role of macrophage accumulation in the injured nerve trunk to sustain pain-
like responses. To understand whether macrophage expansion was closely associated 
with the initiation of mechanical and cold allodynia, MaFIA mice were treated with 
AP20187 for 5 consecutive days before the tourniquet application. This procedure 
attenuated mechanical and cold allodynia throughout the 15 days of observation (Figure 
3G), as well as the number of infiltrating macrophages/GFP+ cells (Figure 3H) and the 4-
HNE staining (Figure 3I) in the tibial nerve at day 15 after I/R. These findings indicate 
that recruitment of macrophages is the early and crucial factor in developing mechanical 
and cold allodynia. 

Schwann cell TRPA1 mediates I/R-induced allodynia and neuroinflammation 
In a previous mouse model of neuropathic pain caused by partial sciatic nerve 

ligation, we showed that TRPA1 expressed in Schwann cells, via calcium-dependent 
NOX1 activation, is essential to amplify the oxidative stress signal that sustains 
neuropathic pain and neuroinflammation (De Logu et al., 2017). To explore whether 
Schwann cell-expressing TRPA1 could be involved in I/R-evoked responses, we used 
Plp1-Cre;Trpa1fl/fl mice, which harbor a selective deletion of TRPA1 in the Schwann 
cell/oligodendrocyte lineage (De Logu et al., 2017). Mechanical and cold allodynia, 
(Figure 4A), F4/80+ cell infiltration and increase in 4-HNE staining (Figure 4B and 4C) 
in Plp1-Cre;Trpa1fl/fl CPIP mice were attenuated as compared to sham mice. This 
finding implicates Schwann cell TRPA1 in the control of pain-like responses and 
neuroinflammation evoked by I/R of the mouse hind limb. 

To specifically investigate the contribution of neuronal TRPA1, we studied mice 
with selective deletion of TRPA1 in primary sensory neurons (Adv-Cre;Trpa1fl/fl) 
(Marone et al., 2018). In these mice, while I/R-evoked mechanical and cold allodynia 
were attenuated (Figure 5A), the F4/80+ cell infiltration and the increase in 4-HNE 
staining were unaffected (Figure 5B and 5C). Thus, in contrast with the Schwann cell 
channel, TRPA1 expressed by nociceptors signals pain, but does not contribute to 
macrophage expansion and oxidative stress increase.

TRPA1 antagonism during and after I/R application attenuates pain and 
neuroinflammation 

Finally, we explored whether a brief treatment with a TRPA1 antagonist before and 
shortly after I/R may prevent the sustained mechanical and cold hypersensitivity. HC-
030031 (300 mg/kg i.p.) was given 3 times a day, with the first administration 30 minutes 
before and 30 and 90 minutes after tourniquet application. Further administrations were 
given at 8:00 am, 2:00 pm and 8:00 pm on the 3 subsequent days. Under these 
circumstances, mechanical and cold allodynia were significantly attenuated throughout 
the 15 days of observation (Figure 6A). In addition, at day 15 after tourniquet application, 
a marked reduction in F4/80+ cell infiltration and 4-HNE staining was assessed in the 
injured tibial nerve trunk (Figure 6B and 6C). To better understand the role of TRPA1 
activation in maintaining mechanical and cold allodynia and neuroinflammation, a 
prolonged (daily 3 times a day from day 12 to day 15) treatment with the TRPA1 
antagonist HC-030031 was performed. This treatment schedule significantly reduced 
mechanical and cold allodynia (Figure 6D), and, at day 15, F4/80+ cell (Figure 6E) and 4-
HNE (Figure 6F) increase. These findings imply that prolonged TRPA1 blockade, either 
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before or after (when the allodynia was already established) I/R, can prevent allodynia 
and neuroinflammation. 

DISCUSSION

Our data support previous reports that TRPA1 antagonists were able to attenuate 
mechanical and cold allodynia evoked by I/R in the rat (Klafke et al., 2016) or mouse (De 
Prá et al., 2019) hind limb, as they show that Trpa1+/+ mice exhibited allodynia similar 
to that observed in C57BL/6J mice, but Trpa1-/- mice were completely protected from the 
painful responses caused by application and removal of the tourniquet. In addition, 
mechanical and cold allodynia was reversed by the intragastric administration of two 
different TRPA1 antagonists (A-967079 and HC-030031), thus strengthening the key role 
of the channel. TRPA1 implication in painful dysesthesia induced by I/R has been 
previously reported (Sasaki et al., 2014; So et al., 2016). However, the cellular and 
biochemical mechanisms that result in the TRPA1 activation and the consequent 
generation of mechanical and cold allodynia are still poorly understood.   

The proalgesic role of oxidative stress in rodent models of pain evoked by I/R has 
been supported by the ability of antioxidants to attenuate mechanical allodynia in CPIP 
rats (Coderre et al., 2004). This early observation in experimental animals has been 
corroborated by reports of increased levels of oxidative stress in CRPS-I patients and by 
the beneficial effect of antioxidants in CRPS-I (Aïm et al., 2017; Birklein and Dimova, 
2017; Perez et al., 2003). Oral treatment with the antioxidant, vitamin C, starting on the 
day of a wrist fracture halved the risk of CRPS-I within the first year after injury (Ekrol 
et al., 2014; Zollinger et al., 2007, 1999). Patients treated with the free radical scavenger, 
dimethyl sulfoxide (Zuurmond et al., 1996), and oral treatment with the free radical 
scavenger, N-acetyl-L-cysteine (Perez et al., 2003), improved the CRPS-I impairment 
level sum score, upper and lower extremity skills and functions, and general health. 
Altogether, these data are in line with our findings, showing that the antioxidant, α-lipoic 
acid, reduced mechanical and cold allodynia in the present mouse model of CPRS-1.  

Moreover, CPIP mice showed increased NOX and SOD activities and increased 
levels of H2O2 and 4-HNE in the injured tibial nerve trunk. It has been known for a long 
time that the neuropathic pain caused by nerve injury (Wallerian degeneration) is 
associated with a robust infiltration of macrophages within the damaged nerve trunk 
(Gaudet, Popovich, and Ramer 2011; De Logu et al. 2017; Ramer, French, and Bisby 
1997; Trevisan et al. 2016). However, the mechanism by which invading macrophages 
generate pain has been addressed only recently. Findings obtained in a model of 
trigeminal neuralgia (Trevisan et al. 2016) proposed a key role of nociceptor TRPA1, 
which, activated by the oxidative burst of invading macrophages, conveys the pain signal 
to the brain. However, a subsequent study in a different model of neuropathic pain (partial 
sciatic nerve ligation) provided evidence that the macrophage-dependent oxidative stress 
does not directly target TRPA1 in nociceptors, but activates the channel in Schwann cells 
that ensheath the injured nerve trunk (De Logu et al., 2017). Then, via a NOX1-dependent 
pathway, Schwann cell TRPA1 amplifies and sustains the oxidative stress signal which 
exerts a dual function. An outwardly directed release of oxidants maintains macrophage 
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recruitment inside the perineurial space, and an inwardly directed oxidative stress targets 
nociceptor TRPA1 to signal pain (De Logu et al., 2017). We reasoned that a similar 
mechanism could be implicated in the prolonged pain and neuroinflammation of CPIP 
mice. However, additional mechanisms may contribute, as recent findings proposed a role 
of angiotensin II type 2 receptor (AT2-R) expressed on macrophages infiltrating the 
injured nerve, by showing that local AT2-R activation in peripheral macrophages is a 
critical trigger mechanism of chronic pain hypersensitivity associated with nerve 
injury/neuropathy (Shepherd et al., 2018a, 2018b).

Although a previous study detected a moderate difference in the development of 
mechanical allodynia in male and female mice (Tang et al., 2017), our research group 
previously reported (De Prá et al., 2019) and confirm in the current study, that there is no 
difference in non-evoked and evoked pain responses evoked by I/R in female vs. male 
mice. The absence of sex-related differences in the severity of pain in CRPS-I patients 
(Velzen et al., 2019) is in agreement with our mouse findings.

The use of macrophage-depleted MaFIA mice clearly showed that mechanical 
allodynia evoked by I/R was dependent on the inflammatory cell expansion in the nerve 
trunk. In fact, sustained attenuation of mechanical and cold allodynia was obtained by 
treatment with the macrophage depleting agent, AP20187, given either before or after I/R. 
These two findings imply that macrophage expansion is necessary and sufficient to 
initiate and sustain the pain-like responses. Increased levels of 4-HNE staining were also 
reduced in macrophage-depleted MaFIA mice after both AP20187 treatment regimens, 
supporting the hypothesis that macrophages are implicated in the oxidative burden of the 
injured nerve trunk. Thus, it is possible that invading macrophages increase the 
endoneurial oxidative burden that targets nociceptor TRPA1 to signal pain.

In addition to exhibiting a markedly attenuated allodynia, Trpa1-/- CPIP mice 
showed reduced macrophage infiltration and 4-HNE staining. Thus, TRPA1 is not only 
implicated in sensing the oxidative stress that evokes allodynia, but also contributes to 
sustain neuroinflammation. There is no evidence that nociceptor TRPA1 favors 
macrophage recruitment at sites of inflammation or tissue injury, and macrophages do not 
express TRPA1 (De Logu et al., 2017). Therefore, the channel promoting 
neuroinflammation in the injured tibial nerve trunk should be expressed in cells other than 
macrophages or primary sensory neurons. These considerations suggested that an analogy 
exists between the CPIP model and the partial sciatic nerve ligation  model (De Logu et 
al., (De Logu et al., 2017), where TRPA1 expressed in Schwann cells ensheathing the 
injured nerve is implicated. To test this hypothesis we used mice with deletion of TRPA1 
in the Schwann cell/oligodendrocyte lineage (Plp1-Cre;Trpa1fl/fl) (De Logu et al., 2017). 
The finding that mechanical and cold allodynia, macrophage infiltration and 4-HNE 
staining were attenuated in Plp1-Cre;Trpa1fl/fl CPIP mice indicates that Schwann cell-
expressing TRPA1 is essential to attract macrophages into the endoneurial space and to 
generate the oxidative burden that eventually sustains the persistent pain signal. However, 
as the myelin proteolipid protein-1 (PLP1) is not exclusively expressed in the Schwann 
cell/oligodendrocyte lineage, we investigated the contribution of neuronal TRPA1 by 
using Adv-Cre;Trpa1fl/fl mice, which harbor a selective deletion of TRPA1 in primary 
sensory neurons. In these mice we revealed that TRPA1 expressed in Schwann cells plays 
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a major role in the neuroinflammation and allodynia evoked by I/R, while the nociceptor 
TRPA1 is solely implicated in pain signaling.

The failure of indomethacin to reduce mechanical and cold allodynia in CPIP mice 
indicates that cyclooxygenase metabolites are not involved, and supports the clinical 
observation of the limited effectiveness of non-steroidal anti-inflammatory drugs in 
CRPS-I patients (Birklein and Dimova, 2017; Gierthmühlen et al., 2014; Goh et al., 2017). 
Improvement of the pain condition by limiting the oxidative stress burden has been 
proposed in CRPS-I patients (Aïm et al., 2017; Birklein and Dimova, 2017; Perez et al., 
2003). The limited results obtained with this therapeutic approach may be due to the poor 
pharmacokinetic of antioxidants, or other unknown reasons (Aïm et al., 2017; Birklein 
and Dimova, 2017; Perez et al., 2003). The present findings propose TRPA1 as a novel 
therapeutic target for the treatment of CRPS-I. While Trpa1-/- mice were permanently 
protected from the development of CPIP, the administration of a single dose of TRPA1 
antagonists provided a robust attenuation of allodynia that was, however, transient, as 
allodynia returned to baseline values 3 hours after drug administration. 

In a model of chemotherapeutic-evoked neuropathic pain induced by a single 
administration of the proteasome inhibitor, bortezomib, we reported that the 
administration of a TRPA1 antagonist shortly before and after the chemotherapeutic drug 
administration produced a permanent inhibition of the prolonged (10 days) mechanical 
and cold allodynia (Trevisan et al. 2013). This finding suggested that TRPA1-dependent 
events rapidly ensuing bortezomib administration, including an increase in oxidative 
stress, are critical to maintain the prolonged allodynia. We hypothesized a similar 
pathway operating in CPIP mice. Thus, we devised a therapeutic schedule based on the 
administration of a TRPA1 antagonist just before and for 3 consecutive days after the 
application of the tourniquet. This therapeutic protocol resulted particularly efficient in 
preventing both mechanical and cold allodynia, thus underlining the possibility that a 
similar early and timely treatment may provide some benefit in patients affected by 
CRPS-I. The sometimes marked temporal delay between the causal injury (Dommerholt, 
2004) and the development of CRPS-I may, however, prevent similar therapeutic 
strategies in CRPS-I patients. For this reason, the effect of a prolonged treatment schedule 
with a TRPA1 antagonist was tested 12 days after I/R, when allodynia was maximal. This 
therapeutic protocol efficiently tempered mechanical and cold allodynia and 
neuroinflammation, thus proposing a rationale for the prolonged use of TRPA1 
antagonists for the treatment of CRPS-I.

Reperfusion of an ischemic tissue with oxygenated blood has long been known to 
produce an early and massive ROS release (So et al., 2016), due to the activation of 
several mechanisms, including mitochondrial dysfunction (Zweier and Talukder, 2006). 
Furthermore, reperfusion of the mouse hind paw after a 10-minute ischemia caused a 
marked release of H2O2 that resulted in TRPA1 activation and sensitization (Sasaki et al., 
2014; Takahashi et al., 2011). Finally, H2O2 may serve as a chemoattractant to monocytes, 
as proven in zebrafish larvae, whose wounds produce H2O2 to facilitate rapid macrophage 
recruitment (Niethammer et al., 2009), or in mice at sites of nerve injury (De Logu et al., 
2017). These previous findings and our current results suggest that the initial oxidative 
stress burst that follows reperfusion activates a feed forward mechanism that entails 
resident macrophages and Schwann cell TRPA1 of the injured tibial nerve to sustain 
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chronic neuroinflammation and pain. All the same, it is possible that additional 
mechanisms contribute, including the recently identified ability of macrophage AT2-R to 
generate a proalgesic release of oxidative stress (Shepherd et al., 2018b, 2018a).

MATERIALS AND METHODS

Animals
Adult C57BL/6J (male and female 25-30g, 5-6 weeks), littermate wild type 

(Trpa1+/+) and TRPA1-deficient (Trpa1-/-) mice (male, 25-30g, 5-8 weeks), generated by 
heterozygotes on a C57BL/6J background (B6.129P-Trpa1tm1Kykw/J; Jackson 
Laboratories, Bar Harbor, ME, USA) (Kwan et al., 2006), were used. To generate mice 
in which the Trpa1 gene was conditionally silenced in Schwann cells/oligodendrocytes, 
homozygous 129S-Trpa1tm2Kykw/J (floxed TRPA1, Trpa1fl/fl, Stock No: 008649, Jackson 
Laboratories, Bar Harbor, ME, USA), were crossed with hemizygous B6.Cg-Tg(Plp1-
CreERT)3Pop/J mice (Plp1-CreERT, Stock No: 005975, Jackson Laboratories), expressing 
a tamoxifen-inducible Cre in myelinating cells (Plp1, proteolipid protein myelin 1) (De 
Logu et al., 2017; Doerflinger et al., 2003). The progeny (Plp1-Cre;Trpa1fl/fl) was 
genotyped by standard PCR for Trpa1 and Plp1-CreERT (De Logu et al., 2017). Mice 
negative for Plp1-CreERT (Plp1-Cre-;Trpa1fl/fl) were used as control. Both positive and 
negative mice to CreERT and homozygous for floxed Trpa1 (Plp1-CreERT;Trpa1fl/fl and 
Plp1-CreERT-;Trpa1fl/fl, respectively) were treated with intraperitoneal (i.p.) tamoxifen (1 
mg/100 µl in corn oil, once a day, for 5 consecutive days) (De Logu et al., 2017; 
Doerflinger et al., 2003), resulting in Cre-mediated ablation of Trpa1 in PLP-expressing 
Schwann cells/oligodendrocytes. Successful Cre-driven deletion of TRPA1 mRNA was 
confirmed by RT-qPCR (De Logu et al., 2017). 

To selectively delete Trpa1 gene in primary sensory neurons, 129S-Trpa1tm2Kykw/J 
mice (floxed Trpa1, Trpa1fl/fl, Stock No: 008649; Jackson Laboratories), which possess 
loxP sites on either side of the S5/S6 transmembrane domains of the Trpa1 gene, were 
crossed with hemizygous Advillin-Cre male mice (Guan et al., 2016; Zurborg et al., 
2011). The progeny (Adv-Cre;Trpa1fl/fl) were genotyped by standard PCR for Trpa1 and 
Advillin-Cre (Guan et al., 2016). Mice negative for Advillin-Cre (Adv-Cre-;Trpa1fl/fl) 
were used as control. Successful Advillin-Cre driven deletion of TRPA1 mRNA was 
confirmed by RT-qPCR (Zappia et al., 2017). To evaluate the involvement of 
macrophages, Macrophage Fas-Induced Apoptosis (MaFIA; stock No: 005070, Jackson 
Laboratories, Bar Harbor, ME, USA) mice were used. MaFIA mice were treated with 
the B/B-HmD (AP20187; 2 mg/kg, i.p.) or vehicle (0.9% NaCl plus 10% v/v PEG-400 
plus 1.7% v/v Tween 80) once a day for 5 consecutive days, either before or 10 days 
after I/R or sham procedure to induce selective depletion of macrophages (Burnett et al., 
2006; Shepherd et al., 2018b, 2018a). 

Study design 
The group size of n=6-8 animals for behavioral experiments was determined by 

sample size estimation using G*Power (v3.1) (Faul et al., 2007) to detect size effect in a 
post-hoc test with type 1 and 2 error rates of 5 and 20%, respectively. Allocation 
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concealment of mice to vehicle(s) or treatment(s) group was performed using a 
randomization procedure (http://www.randomizer.org/). The assessors were blinded to 
the identity (genetic background or allocation to treatment group) of the animals. Identity 
of the animals was unmasked to assessors only after data collection. Mice were housed in 
a temperature- and humidity-controlled vivarium (12 hours dark/light cycle, free access 
to food and water, 5 animals per cage). 

At least 1 hour before behavioral experiments, mice were acclimatized to the 
experimental room and the evaluations were performed between 9:00 AM and 5:00 PM 
All the procedures were conducted following the current guidelines for laboratory animal 
care and the ethical guidelines for investigations of experimental pain in conscious 
animals set by the International Association for the Study of Pain (Zimmermann, 1983). 
In addition, all experiments and sample collections were carried out according to the 
European Union (EU) guidelines for animal care procedures and the Italian legislation 
(DLgs 26/2014) application of the EU Directive 2010/63/EU. Studies were conducted 
under University of Florence research permits (#194/2015-PR and #844/2019-PR), 
University of the Extreme South of Santa Catarina (Unesc; Brazil, protocol #009/2015-
1) and Federal University of Santa Maria (UFSM, Brazil, protocol #5371190617/2017) 
approved all procedures. The behavioral studies followed the animal research reporting in 
vivo experiment (ARRIVE) guidelines (McGrath and Lilley, 2015). Animals were 
anaesthetized with a mixture of ketamine and xylazine (90 mg/kg and 3 mg/kg, 
respectively, i.p.) and euthanized with inhaled CO2 plus 10-50% O2. 

Chronic Post-ischemia Pain (CPIP)
CPIP was used as an animal model of CRPS-I and was performed by hind paw 

transient I/R (Coderre et al., 2004; De Prá et al., 2019; Millecamps et al., 2010). Briefly, in 
anesthetized mice, a nitrile 70 durometer O-ring (O-Rings West, Seattle, WA, USA) with 
7/3200 internal diameter was positioned around the mouse right hind limb just proximal to 
the ankle joint, to act as a tourniquet for 2 hours. Then, after the O-ring removal, mice were 
fully recovered within 30-60 minutes of reperfusion. Control (sham) mice received the 
same anesthetic treatment, but the O-ring was cut so that it only loosely surrounded the 
ankle without occluding the blood flow to the right hind paw.

Treatment protocols
Unless otherwise indicated, reagents were purchased from Sigma-Aldrich (St. 

Louis, MO, USA or Milan, Italy). TRPA1 selective antagonists, HC-030031 (300 mg/kg, 
i.g.) and A-967079 (100 mg/kg, i.g.), the antioxidant α-lipoic acid (100 mg/kg, i.g.), the 
nonsteroidal anti-inflammatory drug, indomethacin (30 mg/kg, i.p.) or their vehicle 
(dimethyl sulfoxide, DMSO 1% in NaCl 0.9%) were given at day 15 after I/R or sham 
procedure. In another experimental setting, HC-030031 (300 mg/kg, i.g.) was given 3 
times a day the same day of I/R (30 minutes before tourniquet application and 30 and 
90 minutes after) and for the 3 subsequent days (8:00 AM, 2:00 PM and 8:00 PM) and 
3 times a day (8:00 AM, 2:00 PM and 8:00 PM) starting from day 12 until day 15.

http://www.randomizer.org/
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Assessment of mechanical allodynia and cold hypersensitivity
Mechanical allodynia and cold hypersensitivity were assessed before (baseline) and 

6 and 12 hours and 1, 5, 10, and 15 days after I/R or sham procedure in C57BL/6J; and 1, 
5, 10, and 15 days after I/R or sham procedure in Trpa1+/+, Trpa1-/-, Plp1-CreERT, Trpa1fl/fl 
and Adv-Cre;Trpa1fl/fl. The effect of the various pharmacological treatments was assessed 
at day 15, before and 1, 2 and 3 hours after drug administration. MaFIA mice were tested 
before (baseline) and 1, 5, 10,15 days after I/R or sham procedure and from day 10 to 15 
after AP20187 or vehicle administration. 

The measurement of mechanical paw-withdrawal threshold was carried out using 
von Frey filaments of increasing stiffness (0.02-2 g) applied to the plantar surface of the 
mouse hind paw, according to the up-and-down paradigm (Chaplan et al., 1994; De Prá 
et al., 2019). The 50% mechanical paw-withdrawal threshold (in g) response was then 
calculated from the resulting scores (Dixon, 1980). 

Cold allodynia of the hind paw was assessed by measuring the acute nociceptive 
response to acetone-evoked evaporative cooling (Trevisan et al. 2013). Briefly, a drop 
(20 µl) of acetone was gently applied to the plantar surface of the mouse hind paw, and 
the time spent in elevation and licking of the plantar region was measured for 60 seconds. 
Acetone was applied three times at 10-15-minute intervals, and the average 
elevation/licking time was calculated. Cold allodynia was considered as an increase in the 
nociceptive time observed after exposure to acetone when compared to basal values.

RT-qPCR
RNA was extracted from L4-L6 dorsal root ganglia obtained from euthanized 

C57BL/6J mice after IR or sham procedure, throughout the standard Trizol® extraction 
method. RNA levels and purity were assessed spectrophotometrically by determining the 
absorbance at 260 nm and 280 nm. The RNA (100 ng) was reverse transcribed using the 
iScript™ cDNA Synthesis kit (Bio-Rad, Hercules, USA), according to the manufacturer’s 
protocol. Real time PCR was performed on Rotor Gene® Q (Qiagen, Hilden, GE) for the 
relative quantification of mRNA. The sets of probes for mouse tissue were as follows: ACTB, 
primer1 GACTCATCGTACTCCTGCTTG, primer2 GATTACTGCTCTGGCTCCTAG 
Probe/56-FAM/CTGGCCTCA/ZEN/CTGTCCACCTTCC/3IABkFQ/ (NCBI Ref Seq: 
NM_001101); TRPA1: primer1 5’GTACTTCTTGTCGTGTTTCTTGC-3’, primer2 5’-
ACCATCGTGTATCCAAATAGACC-3’, probe:/56-FAM/ 
AAAACCGTA/ZEN/GCATCCTGCCGTG/3IABkFQ/(NCBI Ref Seq: NM_177781). The 
chosen reference gene was ACTB. The QuantiTect Probe PCR Kit (Qiagen, Hilden, GE) was 
used for amplification, and the cycling conditions used were: samples were heated to 95°C 
for 10 minutes followed by 40 cycles of 95°C for 15 seconds, and 65°C for 20 seconds. PCR 
reaction was carried out in triplicate. Relative expression of mRNA was calculated using the 
2-Δ(ΔCT) comparative method, with each gene normalized against the internal endogenous 
reference ACTB gene for the same sample.

Biochemical assays
All assays were performed in segments of the tibial nerve taken just proximal to 

the ankle joint from euthanized mice at day 15 after I/R or sham procedure. 
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H2O2 production. H2O2 levels were assessed by the phenol red-horseradish 
peroxidase (HRP) method (Antoniazzi et al., 2018). Briefly, samples were homogenized 
in 50 mM phosphate buffer (pH 7.4) containing 5 mM sodium azide at 4ºC for 60 
seconds, and the homogenate was centrifuged (12.000xg for 20 minutes at 4ºC). The 
supernatant obtained was used to determine H2O2 levels (Nakamura et al., 1998). The 
H2O2 levels were expressed as µmol of H2O2 based on a standard curve of HRP-
mediated oxidation of phenol red by H2O2, corrected by protein content (in milligrams) 
(Bradford, 1976).

NADPH oxidase activity. NOX activity was assessed using a commercially 
available assay kit (CY0100, cytochrome C reductase, NADPH assay kit,). Briefly, 
samples were homogenized in 50 mM phosphate buffer (pH 7.4) and centrifuged at 
3.000x g for 10 minutes at 4ºC. The supernatant obtained was centrifuged for 40 minutes 
at 10.000x g at 4ºC and NADPH activity was assayed. The NADPH oxidase activity 
was expressed as U/mL/mg of protein (Bradford, 1976).

Superoxide dismutase (SOD) activity. The SOD activity was assayed using a nitro 
blue tetrazolium (NBT)-based assay (Oberley and Spitz, 1984). Briefly, samples were 
homogenized in a Tris-HCL buffer (100 mM, pH 7.4) containing 0.5% Triton™ X-100, 
5 mM beta-mercaptoethanol, 0.1 g/ml phenylmethanesulfonyl fluoride, centrifuged at 
14.000x g at 4ºC for 5 minutes and assayed according to the manufacturer’s instructions. 
Results were expressed as the percent inhibition of the rate of NBT-diformazan 
formation.

Immunofluorescence 
The tibial nerve was dissected from C57BL/6J, Trpa1+/+, Trpa1-/-, Plp1-CreERT, 

Trpa1fl/fl, Adv-CreERT,Trpa1fl/fl and MaFIA mice anesthetized and transcardially 
perfused with phosphate buffered saline (PBS), followed by 4% paraformaldehyde. The 
tibial nerve was postfixed for 24 hours, and paraffin embedded. Immunofluorescence 
staining was performed according to standard procedures. Briefly, after antigen retrieval 
(Ethylenediaminetetraacetic acid, EDTA, solution pH 9.0, Dako) for 20 minutes at 
98°C, sections (5 µm) were incubated with the following primary antibodies: F4/80 
[1:50, MA516624, rat monoclonal (Cl:A3-1), Thermo Fisher Scientific, Rockford, 
USA] or 4-HNE [1:40, ab216020, mouse monoclonal (HNEJ-2), Abcam, Cambridge, 
UK) diluted in antibody diluent (Roche Diagnostics, Mannhein, Germany) 1 hour at 
room temperature. Sections were then incubated for 2 hours in the dark with fluorescent 
secondary antibodies: polyclonal Alexa Fluor® 488, polyclonal Alexa Fluor 594, 
polyclonal Alexa Fluor 546, and polyclonal Alexa Fluor 647 (1:600, Invitrogen, Milan, 
Italy). Sections were coverslipped using a water-based mounting medium with 4’6’-
diamidino-2-phenylindole (DAPI, Abcam, Cambridge, UK). The analysis of negative 
controls (non-immune serum) was simultaneously performed to exclude the presence of 
non-specific immunofluorescent staining, cross-immunostaining, or fluorescence bleed-
through. For histological evaluation, sections were stained with hematoxylin/eosin and, 
based on the morphology, the boundaries of the nerve trunk corresponding to the 
epineurium were identified and reported in adjacent immunofluorescence images with 
dashed lines. The number of F4/80+ cells was counted in 104 µm2 boxes in the tibial 
nerve (inside the nerve trunk). The 4-HNE staining was evaluated as the fluorescence 
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intensity measured by an image processing program (ImageJ 1.32J, National Institutes 
of Health, Bethesda, USA).

Statistical analysis
Results are shown as the mean and standard error of the mean (SEM). The 

statistical significance of differences between groups was assessed using Student’s t-
test, one-way or two-way analysis of variance (ANOVA) followed by Bonferroni post 
hoc where appropriate. Statistical analyses were performed on raw data using Prism 5 
GraphPad software (GraphPad Software Inc.). P values less than 0.05 (P<0.05) were 
considered significant.



15

Acknowledgments
Fellowships from the Conselho Nacional de Desenvolvimento Científico (CNPq) 

and CAPES are acknowledged. Gabriela Trevisan is recipient of a fellowship from CNPq 
[process #306576/2017-1].

Funding
This project has received funding from the Conselho Nacional de Desenvolvimento 
Científico [CNPq, protocol number 422376/2016-7 (G.T.)] and European Research 
Council (ERC) under the European Union’s Horizon 2020 research and innovation 
programme (grant agreement No. 835286) (P.G.).

Declaration of interest
The authors declare no conflict of interest.

Author contributions
All the authors discussed the results, commented on the manuscript, and approved 

this final version.

1) Substantial contributions to conception and design, data acquisition, analysis, 
and interpretation: Francesco de Logu, Samira Dal-Toé De Prá, Caren Tatiane de David 
Antoniazzi, Sabrina Qader Kudsi, Paula Ronsani Ferro, Lorenzo Landini, Flávia Karine 
Rigo, Gustavo de Bem Silveira, Paulo Cesar Lock Silveira, Sara Marchesan Oliveira, 
Matilde Marini, Gianluca Mattei, Juliano Ferreira, Pierangelo Geppetti, Romina Nassini, 
Gabriela Trevisan.

2) Drafting and critically revising the article’s important intellectual content: 
Francesco de Logu, Samira Dal-Toé De Prá, Caren Tatiane de David Antoniazzi, Sabrina 
Qader Kudsi, Paula Ronsani Ferro, Lorenzo Landini, Flávia Karine Rigo, Gustavo de 
Bem Silveira, Paulo Cesar Lock Silveira, Sara Marchesan Oliveira, Juliano Ferreira, 
Pierangelo Geppetti, Romina Nassini, Gabriela Trevisan.

3) Final article approval: Francesco de Logu, Samira Dal-Toé De Prá, Caren Tatiane 
de David Antoniazzi, Sabrina Qader Kudsi, Paula Ronsani Ferro, Lorenzo Landini, Flávia 
Karine Rigo, Gustavo de Bem Silveira, Paulo Cesar Lock Silveira, Sara Marchesan 
Oliveira, Juliano Ferreira, Pierangelo Geppetti, Romina Nassini, Gabriela Trevisan.

4) Acquisition of funding and general supervision of the research group: Paulo 
Cesar Lock Silveira, Sara Marchesan Oliveira, Juliano Ferreira, Pierangelo Geppetti, 
Romina Nassini, Gabriela Trevisan.



16

REFERENCES

Aïm F, Klouche S, Frison A, Bauer T, Hardy P. 2017. Efficacy of vitamin C in preventing complex 
regional pain syndrome after wrist fracture: A systematic review and meta-analysis. Orthop 
Traumatol Surg Res 103:465–470. doi:10.1016/j.otsr.2016.12.021

Antoniazzi CTDD, Nassini R, Rigo FK, Milioli AM, Bellinaso F, Camponogara C, Silva CR, de 
Almeida AS, Rossato MF, De Logu F, Oliveira SM, Cunha TM, Geppetti P, Ferreira J, 
Trevisan G. 2018. Transient receptor potential ankyrin 1 (TRPA1) plays a critical role in a 
mouse model of cancer pain. Int J Cancer 144:355–365. doi:10.1002/ijc.31911

Birklein F, Dimova V. 2017. Complex regional pain syndrome–up-to-date. PAIN Reports 2:e624. 
doi:10.1097/PR9.0000000000000624

Bonet IJM, Fischer L, Parada CA, Tambeli CH. 2013. The role of transient receptor potential A 1 
(TRPA1) in the development and maintenance of carrageenan-induced hyperalgesia. 
Neuropharmacology 65:206–212. doi:10.1016/j.neuropharm.2012.09.020

Bradford MM. 1976. A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal Biochem 72:248–254.

Burnett SH, Beus BJ, Avdiushko R, Qualls J, Kaplan A, Cohen DA. 2006. Development of 
peritoneal adhesions in macrophage depleted mice. J Surg Res 131:296–301. 
doi:10.1016/j.jss.2005.08.026

Burnett SH, Kershen EJ, Zhang J, Zeng L, Straley SC, Kaplan AM, Cohen DA. 2004. Conditional 
macrophage ablation in transgenic mice expressing a Fas-based suicide gene. J Leukoc Biol 
75:612–623. doi:10.1189/jlb.0903442

Chaplan SR, Pogrel JW, Yaksh TL. 1994. Role of voltage-dependent calcium channel subtypes in 
experimental tactile allodynia. J Pharmacol Exp Ther 269:1117–1123.

Coderre TJ, Xanthos DN, Francis L, Bennett GJ. 2004. Chronic post-ischemia pain (CPIP): a novel 
animal model of complex regional pain syndrome-type I (CRPS-I; reflex sympathetic 
dystrophy) produced by prolonged hindpaw ischemia and reperfusion in the rat. Pain 112:94–
105. doi:10.1016/j.pain.2004.08.001

Cropper HC, Johnson EM, Haight ES, Cordonnier SA, Chaney AM, Forman TE, Biswal A, 
Stevens MY, James ML, Tawfik VL. 2019. Longitudinal translocator protein-18 kDa-
positron emission tomography imaging of  peripheral and central myeloid cells in a mouse 
model of complex regional pain syndrome. Pain 160:2136–2148. 
doi:10.1097/j.pain.0000000000001607

Dalle-Donne I, Rossi R, Colombo R, Giustarini D, Milzani A. 2006. Biomarkers of Oxidative 
Damage in Human Disease. Clin Chem 52:601–623. doi:10.1373/clinchem.2005.061408

De Logu F, Nassini R, Materazzi S, Carvalho Gonçalves M, Nosi D, Rossi Degl’Innocenti D, 
Marone IM, Ferreira J, Li Puma S, Benemei S, Trevisan G, Souza Monteiro de Araújo D, 
Patacchini R, Bunnett NW, Geppetti P. 2017. Schwann cell TRPA1 mediates 
neuroinflammation that sustains macrophage-dependent neuropathic pain in mice. Nat 
Commun 8:1887. doi:10.1038/s41467-017-01739-2

De Logu F, Tonello R, Materazzi S, Nassini R, Fusi C, Coppi E, Li Puma S, Marone IM, Sadofsky 
LR, Morice AH, Susini T, Terreni A, Moneti G, Di Tommaso M, Geppetti P, Benemei S. 
2016. TRPA1 Mediates Aromatase Inhibitor–Evoked Pain by the Aromatase Substrate 
Androstenedione. Cancer Res 76:7024–7035. doi:10.1158/0008-5472.CAN-16-1492

De Prá SDT, Antoniazzi CT de D, Ferro PR, Kudsi SQ, Camponogara C, Fialho MFP, Rigo FK, 
Gomez MV, Bochi GV, Moresco RN, Oliveira SM, Trevisan G. 2019. Nociceptive 
mechanisms involved in the acute and chronic phases of a complex regional pain syndrome 
type 1 model in mice. Eur J Pharmacol 859:172555.

Dixon WJ. 1980. Efficient analysis of experimental observations. Annu Rev Pharmacol Toxicol 
20:441–62. doi:10.1146/annurev.pa.20.040180.002301

Doerflinger NH, Macklin WB, Popko B. 2003. Inducible site-specific recombination in 



17

myelinating cells. genesis 35:63–72. doi:10.1002/gene.10154
Dommerholt J. 2004. Complex regional pain syndrome-1: history, diagnostic criteria and etiology. 

J Bodyw Mov Ther 8:167–177.
Eid SR, Crown ED, Moore EL, Liang HA, Choong KC, Dima S, Henze DA, Kane SA, Urban MO. 

2008. HC-030031, a TRPA1 selective antagonist, attenuates inflammatory- and neuropathy-
induced mechanical hypersensitivity. Mol Pain 4. doi:10.1186/1744-8069-4-48

Ekrol I, Duckworth AD, Ralston SH, Court-Brown CM, McQueen MM. 2014. The Influence of 
Vitamin C on the Outcome of Distal Radial Fractures. J Bone Jt Surg 96:1451–1459. 
doi:10.2106/JBJS.M.00268

Faul F, Erdfelder E, Lang A-G, Buchner A. 2007. GPOWER: A general power analysis program. 
Behav Res Methods 39:175–191. doi:10.3758/BF03193146

Gaudet AD, Popovich PG, Ramer MS. 2011. Wallerian degeneration: gaining perspective on 
inflammatory events after peripheral nerve injury. J Neuroinflammation 8:110. 
doi:10.1186/1742-2094-8-110

Gierthmühlen J, Binder A, Baron R. 2014. Mechanism-based treatment in complex regional pain 
syndromes. Nat Rev Neurol 10:518–528. doi:10.1038/nrneurol.2014.140

Gierthmühlen J, Maier C, Baron R, Tölle T, Treede R-D, Birbaumer N, Huge V, Koroschetz J, 
Krumova EK, Lauchart M, Maihöfner C, Richter H, Westermann A, German Research 
Network on Neuropathic Pain (DFNS) study group. 2012. Sensory signs in complex regional 
pain syndrome and peripheral nerve injury. Pain 153:765–774. 
doi:10.1016/j.pain.2011.11.009

Goh EL, Chidambaram S, Ma D. 2017. Complex regional pain syndrome: a recent update. Burn 
trauma 5:2. doi:10.1186/s41038-016-0066-4

Guan Z, Kuhn JA, Wang X, Colquitt B, Solorzano C, Vaman S, Guan AK, Evans-Reinsch Z, Braz 
J, Devor M, Abboud-Werner SL, Lanier LL, Lomvardas S, Basbaum AI. 2016. Injured 
sensory neuron–derived CSF1 induces microglial proliferation and DAP12-dependent pain. 
Nat Neurosci 19:94–101. doi:10.1038/nn.4189

Jänig W, Baron R. 2003. Complex regional pain syndrome: mystery explained? Lancet Neurol 
2:687–97.

Klafke JZ, da Silva MA, Rossato MF, de Prá SDT, Rigo FK, Walker CIB, Bochi G V, Moresco 
RN, Ferreira J, Trevisan G. 2016. Acute and chronic nociceptive phases observed in a rat hind 
paw ischemia/reperfusion model depend on different mechanisms. Pflugers Arch 468:229–
41. doi:10.1007/s00424-015-1746-9

Kwan KY, Allchorne AJ, Vollrath MA, Christensen AP, Zhang D-S, Woolf CJ, Corey DP. 2006. 
TRPA1 contributes to cold, mechanical, and chemical nociception but is not essential for 
hair-cell transduction. Neuron 50:277–89. doi:10.1016/j.neuron.2006.03.042

Lin Q, Jia Z, Xu X, Xu S, Han T, Gao Y, Zhang Y, Zhang H, Liu H, Li J, Li X. 2018. Sub-chronic 
toxicity study of arecae semen aqueous extract in Wistar rats. J Ethnopharmacol. 
doi:10.1016/j.jep.2017.08.031

Marone IM, De Logu F, Nassini R, De Carvalho Goncalves M, Benemei S, Ferreira J, Jain P, Li 
Puma S, Bunnett NW, Geppetti P, Materazzi S. 2018. TRPA1/NOX in the soma of trigeminal 
ganglion neurons mediates migraine-related pain of glyceryl trinitrate in mice. Brain 
141:2312–2328. doi:10.1093/brain/awy177

McGaraughty S, Chu KL, Perner RJ, DiDomenico S, Kort ME, Kym PR. 2010. TRPA1 
modulation of spontaneous and mechanically evoked firing of spinal neurons in uninjured, 
osteoarthritic, and inflamed rats. Mol Pain 6. doi:10.1186/1744-8069-6-14

McGrath JC, Lilley E. 2015. Implementing guidelines on reporting research using animals 
(ARRIVE etc.): New requirements for publication in BJP. Br J Pharmacol. 
doi:10.1111/bph.12955

Millecamps M, Laferrière A, Ragavendran VJ, Stone LS, Coderre TJ. 2010. Role of peripheral 
endothelin receptors in an animal model of complex regional pain syndrome type 1 (CRPS-



18

I). Pain 151:174–183. doi:10.1016/j.pain.2010.07.003
Moran MM, Szallasi A. 2017. Targeting nociceptive transient receptor potential channels to treat 

chronic pain: current state of the field. Br J Pharmacol. doi:10.1111/bph.14044
Niethammer P, Grabher C, Look AT, Mitchison TJ. 2009. A tissue-scale gradient of hydrogen 

peroxide mediates rapid wound detection in zebrafish. Nature 459:996–999. 
doi:10.1038/nature08119

Norman HR, Bruehl SP. 2006. Diagnosis of complex regional pain syndrome: Signs, symptoms, 
and new empirically derived diagnostic criteria. Clin J Pain. 
doi:10.1097/01.ajp.0000194279.36261.3e

Oberley LW, Spitz DR. 1984. Assay of superoxide dismutase activity in tumor tissue. Methods 
Enzymol 105:457–64.

Perez MRSG, Zuurmond AWW, Bezemer DP, Kuik JD, van Loenen CA, de Lange JJ, Zuidhof 
JA. 2003. The treatment of complex regional pain syndrome type I with free radical 
scavengers: a randomized controlled study. Pain 102:297–307. doi:10.1016/S0304-
3959(02)00414-1

Petrus M, Peier AM, Bandell M, Hwang SW, Huynh T, Olney N, Jegla T, Patapoutian A. 2007. A 
role of TRPA1 in mechanical hyperalgesia is revealed by pharmacological inhibition. Mol 
Pain. doi:10.1186/1744-8069-3-40

Ramer MS, French GD, Bisby MA. 1997. Wallerian degeneration is required for both neuropathic 
pain and sympathetic sprouting into the DRG. Pain 72:71–78. doi:10.1016/S0304-
3959(97)00019-5

Sasaki A, Mizoguchi S, Kagaya K, Shiro M, Sakai A, Andoh T, Kino Y, Taniguchi H, Saito Y, 
Takahata H, Kuraishi Y. 2014. A Mouse Model of Peripheral Postischemic Dysesthesia: 
Involvement of Reperfusion-Induced Oxidative Stress and TRPA1 Channel. J Pharmacol 
Exp Ther 351:568–575. doi:10.1124/jpet.114.217570

Shepherd AJ, Copits BA, Mickle AD, Karlsson P, Kadunganattil S, Haroutounian S, Tadinada 
SM, de Kloet AD, Valtcheva M V., McIlvried LA, Sheahan TD, Jain S, Ray PR, Usachev 
YM, Dussor G, Krause EG, Price TJ, Gereau RW, Mohapatra DP. 2018a. Angiotensin II 
Triggers Peripheral Macrophage-to-Sensory Neuron Redox Crosstalk to Elicit Pain. J 
Neurosci 38:7032–7057. doi:10.1523/JNEUROSCI.3542-17.2018

Shepherd AJ, Mickle AD, Golden JP, Mack MR, Halabi CM, de Kloet AD, Samineni VK, Kim 
BS, Krause EG, Gereau RW, Mohapatra DP. 2018b. Macrophage angiotensin II type 2 
receptor triggers neuropathic pain. Proc Natl Acad Sci 115:E8057–E8066. 
doi:10.1073/pnas.1721815115

So K, Tei Y, Zhao M, Miyake T, Hiyama H, Shirakawa H, Imai S, Mori Y, Nakagawa T, 
Matsubara K, Kaneko S. 2016. Hypoxia-induced sensitisation of TRPA1 in painful 
dysesthesia evoked by transient hindlimb ischemia/reperfusion in mice. Sci Rep 6:23261. 
doi:10.1038/srep23261

Takahashi N, Kuwaki T, Kiyonaka S, Numata T, Kozai D, Mizuno Y, Yamamoto S, Naito S, 
Knevels E, Carmeliet P, Oga T, Kaneko S, Suga S, Nokami T, Yoshida J, Mori Y. 2011. 
TRPA1 underlies a sensing mechanism for O2. Nat Chem Biol 7:701–711. 
doi:10.1038/nchembio.640

Tang C, Li J, Tai WL, Yao W, Zhao B, Hong J, Shi S, Wang S, Xia Z. 2017. Sex differences in 
complex regional pain syndrome type I (CRPS-I) in mice. J Pain Res Volume 10:1811–1819. 
doi:10.2147/JPR.S139365

Taylor-Clark TE, Ghatta S, Bettner W, Undem BJ. 2009. Nitrooleic Acid, an Endogenous Product 
of Nitrative Stress, Activates Nociceptive Sensory Nerves via the Direct Activation of 
TRPA1. Mol Pharmacol 75:820–829. doi:10.1124/mol.108.054445

Trevisan G, Benemei S, Materazzi S, De Logu F, De Siena G, Fusi C, Fortes Rossato M, Coppi E, 
Marone IM, Ferreira J, Geppetti P, Nassini R. 2016. TRPA1 mediates trigeminal neuropathic 
pain in mice downstream of monocytes/macrophages and oxidative stress. Brain 139:1361–



19

1377. doi:10.1093/brain/aww038
Trevisan Gabriela, Hoffmeister C, Rossato MF, Oliveira SM, Silva MA, Ineu RP, Guerra GP, 

Materazzi S, Fusi C, Nassini R, Geppetti P, Ferreira J. 2013. Transient Receptor Potential 
Ankyrin 1 Receptor Stimulation by Hydrogen Peroxide Is Critical to Trigger Pain During 
Monosodium Urate-Induced Inflammation in Rodents. Arthritis Rheum 65:2984–2995. 
doi:10.1002/art.38112

Trevisan G, Materazzi S, Fusi C, Altomare A, Aldini G, Lodovici M, Patacchini R, Geppetti P, 
Nassini R. 2013. Novel therapeutic strategy to prevent chemotherapy-induced persistent 
sensory neuropathy by TRPA1 blockade. Cancer Res 73:3120–3131. doi:10.1158/0008-
5472.CAN-12-4370

Trevisani M, Siemens J, Materazzi S, Bautista DM, Nassini R, Campi B, Imamachi N, Andre E, 
Patacchini R, Cottrell GS, Gatti R, Basbaum AI, Bunnett NW, Julius D, Geppetti P. 2007. 4-
Hydroxynonenal, an endogenous aldehyde, causes pain and neurogenic inflammation through 
activation of the irritant receptor TRPA1. Proc Natl Acad Sci 104:13519–13524. 
doi:10.1073/pnas.0705923104

Velzen GAJ, Huygen FJPM, Kleef M, Eijs F V., Marinus J, Hilten JJ. 2019. Sex matters in 
complex regional pain syndrome. Eur J Pain 23:1108–1116. doi:10.1002/ejp.1375

Zappia KJ, O’Hara CL, Moehring F, Kwan KY, Stucky CL. 2017. Sensory Neuron-Specific 
Deletion of TRPA1 Results in Mechanical Cutaneous Sensory Deficits. eneuro 
4:ENEURO.0069-16.2017. doi:10.1523/ENEURO.0069-16.2017

Zimmermann M. 1983. Ethical guidelines for investigations of experimental pain in conscious 
animals. Pain 16:109–110. doi:10.1016/0304-3959(83)90201-4

Zollinger PE, Tuinebreijer WE, Breederveld RS, Kreis RW. 2007. Can Vitamin C Prevent 
Complex Regional Pain Syndrome in Patients with Wrist Fractures? J Bone Jt Surg 89:1424–
1431. doi:10.2106/JBJS.F.01147

Zollinger PE, Tuinebreijer WE, Kreis RW, Breederveld RS. 1999. Effect of vitamin C on 
frequency of reflex sympathetic dystrophy in wrist fractures: a randomised trial. Lancet 
354:2025–2028. doi:10.1016/S0140-6736(99)03059-7

Zurborg S, Piszczek A, Martínez C, Hublitz P, Banchaabouchi M Al, Moreira P, Perlas E, 
Heppenstall PA. 2011. Generation and Characterization of an Advillin -Cre Driver Mouse 
Line. Mol Pain 7:1744-8069-7–66. doi:10.1186/1744-8069-7-66

Zuurmond WWA, Langendijk PNJ, Bezemer PD, Brink HEJ, Lange JJ, Loenen AC. 1996. 
Treatment of acute reflex sympathetic dystrophy with DMSO 50% in a fatty cream. Acta 
Anaesthesiol Scand 40:364–367. doi:10.1111/j.1399-6576.1996.tb04446.x

Zweier J, Talukder M. 2006. The role of oxidants and free radicals in reperfusion injury. 
Cardiovasc Res 70:181–190. doi:10.1016/j.cardiores.2006.02.025



20

Figure legends

Figure 1. TRPA1 mediates mechanical and cold allodynia in chronic post-
ischemia pain (CPIP) mice. 

Mechanical and cold allodynia assessed at different time points before (baseline, 
BL) and after (day 1, 5, 10 and 15) ischemia and reperfusion (I/R) (CPIP) or sham 
procedure in C57BL/6J male and female mice (A) and Trpa1+/+ or Trpa1-/- mice (B). (C, 
D) Mechanical and cold allodynia in C57BL/6J mice was assessed at BL and at day 15 
after I/R or sham procedure, 1 hour before (time 0) and after (1, 2 and 3 hours) 
administration of A-967079 (100 mg/kg, intragastric), HC-030031 (300 mg/kg, 
intragastric) or their vehicles. Data are mean ± SEM (n = 8 mice). *P<0.05, **P<0.01, 
***P<0.001 when compared to sham, sham/Trpa1+/+ or sham/vehicle; ##P<0.01, 
###P<0.001 when compared to CPIP/Trpa1+/+ or CPIP/vehicle (Two-way ANOVA 
followed by Bonferroni’s post hoc test in A-D). 

Figure 2. Increase in oxidative stress in chronic post-ischemia pain (CPIP) mice  
is dependent on TRPA1. 

(A) Mechanical and cold allodynia in C57BL/6J mice was assessed at baseline 
(BL) and at day 15 after I/R or sham procedure, 30 minutes before (time 0) and after (1, 
2 and 3 hours) administration of α-lipoic acid (100 mg/kg, intragastric) or vehicle. H2O2 
level (B) and NADPH oxidase (NOX) (C) and superoxide dismutase (SOD) activities 
(D) in tibial nerve of C57BL/6J after ischemia and reperfusion (I/R) (CPIP) or sham 
procedure. Representative photomicrographs and mean fluorescence intensity of 4-HNE 
staining in the tibial nerve of C57BL/6J (E) and Trpa1+/+ or Trpa1-/- (F) after I/R or 
sham procedure. Data are mean ± SEM (n = 6-8 mice). *P<0.05, **P<0.01, 
***P<0.001, when compared to sham/vehicle or sham; ###P<0.001, when compared to 
the CPIP/vehicle or CPIP/Trpa1+/+ (A, Two-way ANOVA followed by Bonferroni’s 
post hoc test; B-E, Student’s t-test; F, One-way ANOVA followed by Bonferroni’s post 
hoc test). Where not indicated, the measurements are on day 15 after I/R or sham 
procedure.

Figure 3. Endoneurial macrophage infiltration that sustains mechanical and cold 
allodynia in chronic post-ischemia pain (CPIP) mice is TRPA1-dependent.

(A) Mechanical and cold allodynia in C57BL/6J mice was assessed at baseline 
(BL) and at day 15 after ischemia and reperfusion (I/R) (CPIP) or sham procedure, 30 
minutes before (time 0) and after (1, 2 and 3 hours) administration of indomethacin (30 
mg/kg, intragastric) or vehicle. Representative photomicrographs and number of F4/80+ 

cells in the tibial nerve in male and female C57BL/6J (B) and in Trpa1+/+ or Trpa1-/- 
(C) mice on day 15 after I/R or sham procedure. (D) Mechanical and cold allodynia 
assessed at different time points (1 to 15 days) in MaFIA mice after I/R or sham 
procedure and treated for 5 consecutive days (day 10-14) with the dimerizing agent, 
B/B-HmD (2 mg/kg/day, intraperitoneal) or vehicle. Representative photomicrographs 
and number of F4/80+ cells (E) and mean fluorescence intensity of 4-HNE staining (F) 
in the tibial nerve of MaFIA mice on day 15 after I/R or sham procedure. (G) Mechanical 
and cold allodynia assessed at different time points (1 to 15 days) in MaFIA mice after 
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I/R or sham procedure, pretreated for 5 consecutive days before I/R with the dimerizing 
agent, B/B-HmD (2 mg/kg/day, intraperitoneal) or vehicle. Representative 
photomicrographs and number of F4/80+ cells (H) and mean fluorescence intensity of 4-
HNE staining (I) in the tibial nerve of MaFIA mice on day 15 after I/R or sham 
procedure. Red arrows show the days of B/B-HmD administration. Data are mean ± 
SEM (n = 6-8). ***P<0.001, when compared to sham/vehicle, sham or sham/ Trpa1+/+  
; ###P<0.001 when compared to CPIP/Trpa1+/+ or CPIP/veh (A, D, G, Two-way 
ANOVA followed by Bonferroni’s post hoc test; B, Student’s t-test; C, E, F, H, I, one-
way ANOVA followed by Bonferroni’s post hoc test).

Figure 4. Allodynia, macrophage accumulation, and 4-HNE production in 
Chronic post-ischemia pain (CPIP) mice is mediated by Schwann cell TRPA1. 

(A) Mechanical and cold allodynia assessed at different time points before 
(baseline, BL) and after (day 1, 5, 10 and 15) ischemia and reperfusion (I/R) (CPIP) or 
sham procedure in Plp1-CreERT;Trpa1fl/fl or control mice. Representative 
photomicrographs and number of F4/80+ cells (B) and mean fluorescence intensity of 4-
HNE staining (C) in the tibial nerve of Plp1-CreERT;Trpa1fl/fl or control mice on day 15 
after I/R or sham procedure. Data are mean ± SEM (n =7). ***P<0.001, when compared 
to sham/control; ##P<0.01, ###P<0.001, when compared to CPIP/control (A, Two-way 
ANOVA followed by Bonferroni’s post hoc test; B, C, One-way ANOVA followed by 
Bonferroni’s post hoc test). 

Figure 5. Allodynia, but not macrophage accumulation, and 4-HNE production 
in Chronic post-ischemia pain (CPIP) mice are mediated by neuronal TRPA1. 

(A) Mechanical and cold allodynia assessed at different time points before 
(baseline, BL) and after (day 1, 5, 10 and 15) ischemia and reperfusion (I/R) (CPIP) or 
sham procedure in Adv-Cre;Trpa1fl/fl or control mice. Representative photomicrographs 
and number of F4/80+ cells (B) and mean fluorescence intensity of 4-HNE staining (C) 
in the tibial nerve of Adv-Cre;Trpa1fl/fl or control mice on day 15 after I/R or sham 
procedure. Data are mean ± SEM (n = 6). ***P<0.001, when compared to sham/control, 
and ###P<0.001, when compared to CPIP/control  (A, Two-way ANOVA followed by 
Bonferroni’s post hoc test; B, C, One-way ANOVA followed by Bonferroni’s post hoc 
test). 

Figure 6. A repeated pre- and post-treatment with a TRPA1 antagonist prevents 
the mechanical and cold allodynia in chronic post-ischemia pain (CPIP) in mice.

(A, D) Drawing presenting the experimental protocol and mechanical and cold 
allodynia assessed at different time points before (baseline, BL) and after  ischemia and 
reperfusion (I/R) (CPIP) or sham procedure in C57BL/6J mice after HC-030031 (300 
mg/kg, intragastric, i.g.) administered 3 times a day, 1 day before and 3 days after I/R 
or sham procedure (A) and after HC-030031 (300 mg/kg, intragastric, i.g.) administered 
3 times a day, daily from day 12 to day 15 after I/R or sham procedure (D). 
Representative photomicrographs and number of F4/80+ cells (B, E) and mean 
fluorescence intensity of 4-HNE staining (C, F) in the tibial nerve of C57BL/6J mice on 
day 15 after I/R or sham procedure and repeated HC-030031 administration. Dash (-) 
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represents the vehicle of HC-030031 (HC03). Data are mean ± SEM (n = 6-8). 
***P<0.001, when compared to sham/vehicle or sham, and #P<0.005, ##P<0.01, 
###P<0.001, when compared to CPIP/vehicle or -/CPIP (A, D, Two-way ANOVA 
followed by Bonferroni’s post hoc test; B, C, E, F, One-way ANOVA followed by 
Bonferroni’s post hoc test).

Supplementary Figure 1. Time course of mechanical and cold allodynia and 
macrophage recruitment in chronic post-ischemia pain (CPIP) mice. (A) Mechanical 
and cold allodynia assessed at different time points before (baseline, BL) and after (6, 
12 and 24 hours) ischemia and reperfusion (I/R) (CPIP) or sham procedure in C57BL/6J 
mice. (B) Representative photomicrographs and number of F4/80+ cells in the tibial 
nerve of mice 6, 12 and 24 hours after I/R or sham procedure. Data are mean ± SEM (n 
= 6). **P<0.01, ***P<0.001, when compared to sham or BL (A, Two-way ANOVA 
followed by Bonferroni’s post hoc test; B, One-way ANOVA followed by Bonferroni’s 
post hoc test). 

Highlights

 TRPA1 mediates allodynia in a mouse model of complex regional pain syndrome type I.
 

 Allodynia is associated with macrophage accumulation in the injured tibial nerve.
 

 Allodynia is dependent of TRPA1 agonists production by macrophage accumulation.

 Schwann cell TRPA1 is essential to sustain neuroinflammation and allodynia.
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