Experimental Brain Research (2021) 239:983-995
https://doi.org/10.1007/500221-020-05988-4

RESEARCH ARTICLE q

Check for
updates

SNI and CFA induce similar changes in TRPV1 and P2X3 expressions
in the acute phase but not in the chronic phase of pain

Junfan Fang'® - Junying Du' - Xuaner Xiang' - Xiaomei Shao' - Xiaofeng He' - Yongliang Jiang' - Boyi Liu' -
Yi Liang' - Jiangiao Fang'

Received: 20 August 2020 / Accepted: 18 November 2020 / Published online: 19 January 2021
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Peripheral inflammation and nerve injury usually accompany each other. However, whether inflammatory and neuropathic
pain share similar mechanisms at all stages is unknown. TRPV1 and P2X3 are two major ion channels in dorsal root ganglia
(DRGs) and are involved in chronic pain. Here, their function and expression in DRGs at different phases of the two types of
pain were investigated. Both the paw withdrawal threshold (PWT) and paw withdrawal latency were decreased in rats injected
with complete Freud’s adjuvant (CFA). However, only the PWT was decreased in rats with spared nerve injury (SNI). CFA
increased the magnitude of the TRPV 1-mediated Ca>* response but not the P2X3-mediated Ca®* response 14 days after
injection. Consistent with this result, the P2X3 expression level in CFA rats was increased only at 3 days after injection.
SNI surgery increased the magnitudes of the TRPV 1- and P2X3-mediated Ca** responses and upregulated both TRPV 1
and P2X3 expression in lumbar DRGs. The distributions of TRPV1 and P2X3 in DRGs after modeling were observed, and
TRPV1 was found to be highly expressed mainly in the L4-L5 DRGs in CFA rats and in the L5-L6 DRGs in SNI rats. P2X3
was highly expressed in the L4-L.6 DRGs in CFA rats 3 days after injection but was only highly expressed in the L4 DRG 14
days after modeling. On the other hand, SNI promoted the P2X3 expression L4-L5 DRGs 3 days after surgery, but only L6
DRG 14 days after modeling. All the results indicate that P2X3 and TPRV1 are involved in inflammatory and neuropathic
pain by different expression levels and distributions in the lumbar DRG in the chronic stage.
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Abbreviations SNI Spared nerve injury

P2X3 P2X purinoceptor 3 CFA Complete Freund’s adjuvant

DRG Dorsal root ganglion PWT Paw withdrawal threshold

TRPV1 Transient receptor potential cation channel sub- PWL Paw withdrawal latency
family V member 1 CPZ Capsazepine

CAP Capsaicin
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Generally, a peripheral injury can induce chronic pain,
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pain (Cruccu and Truini 2017; Yezierski and Hansson
2018). Furthermore, clearly distinguishing these types of
chronic pain and identifying specific treatment for them
is challenges to clinical practice. In most cases, swelling
may injure nerves (Biittner et al. 2018), and nerve injuries
may also accompany inflammation (Sommer et al. 2018).
Therefore, finding a way to cure them simultaneously
may be necessary. However, little is known about whether
inflammatory and neuropathic pain shares similar or the
same mechanism throughout their stages of development.

According to previous studies, many receptors are
involved in both inflammatory pain and neuropathic pain
in the peripheral nervous system. Transient receptor poten-
tial cation channel subfamily V member 1 (TRPV1) is a
critical nonselective cation channel belonging to the TRP
family and is expressed in both the central and peripheral
terminals of sensory neurons (Premkumar 2014). A grow-
ing amount of evidence suggests that TRPV1 expressed
in primary sensory neurons is responsible for mediating
nociception in various pain pathologies (Brandt et al.
2012; Hung and Tan 2018). In the periphery, TRPV1 is
highly expressed in the dorsal root ganglia (DRGs) after
inflammation and nerve injury (Kan et al. 2018; Sonder-
mann et al. 2019). Reducing the expression or blocking
the activation of TRPV1 in primary sensory neurons via
siRNA transfection, pharmacological intervention, or
other methods can dramatically alleviate inflammatory
and neuropathic pain (Warwick et al. 2019; Xiang et al.
2017). These findings support the notion that TRPV1 is a
potential therapeutic target for chronic pain.

P2X purinoceptor 3 (P2X3) is one of the primary recep-
tors involved in the transmission of nociception information
by primary sensory neurons (Burnstock 2000; Magni and
Ceruti 2014). P2X3 belongs to the family of ATP purino-
ceptors. Previous studies have reported that most members
of the P2X family can be detected in DRGs (Bernier et al.
2018). Moreover, numerous studies have suggested that
P2X3 expressed in peripheral neurons contributes mainly
to peripheral pain responses (Teixeira et al. 2017; Zhang
et al. 2018; Zhou et al. 2015). Peripheral nerve injuries and
inflammation increase the expression of P2X3 in DRGs
(Teixeira et al. 2017; Xiang et al. 2008). Local or intra-DRG
injection of P2X3 antagonists can produce analgesic effects
in animals with both inflammatory and neuropathic pain
(Teixeira et al. 2017; Xiong et al. 2017).

However, there are still some discrepancies regarding
the pivotal roles that P2X3 and TRPV1 play in chronic
pain. Various studies have reported that P2X3 expression
increases, decreases, and remains unchanged in the context
of pathological pain (Chen et al. 2016; Fukuoka et al. 2002;
Kage et al. 2002), and TRPV1 is also variably expressed in
the L4-L.6 DRGs after peripheral injury (Hudson et al. 2001;
Schafers et al. 2003). An interesting question is whether
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P2X3 expression and TRPV1 expression in the L4-L.6 DRGs
play different roles in inflammatory and neuropathic pain.

Here, we hypothesized that P2X3 and TRPV1 may play
different roles in inflammatory and neuropathic pain and
investigated P2X3 and TRPV1 expression in the early phase
(3 d) and the chronic phase (14 d) of the two types of pain.
We also investigated the magnitudes of P2X3- and TRPV1-
mediated Ca®* responses in DRG neurons. In addition, the
expression levels of P2X3 and TRPV1 in the L4, L5 and L6
DRGs were analyzed.

Materials and methods
Animals

Adult male Sprague—Dawley rats (weighing 180-230 g)
(animal certificate no. SCXK(Hu)2013-0016, Shanghai
Laboratory Animal Center, Chinese Academy of Sciences)
were used for this study. The animals were housed five per
cage in the laboratory animal center of Zhejiang Chinese
Medical University (SYXK({#f)2013-0184) with access to
food and water ad libitum in a controlled environment under
a 12-h light/dark cycle with a temperature of 25+2 ‘C and a
humidity of 55 +5%. During the study, all animal manipula-
tion complied with institutional and Chinese governmental
regulations regarding the ethical use of animals (approval
no. IACUC-20180319-12).

Spared nerve injury

Spared nerve injury (SNI) was used to induce neuropathic
pain, as described below. To establish SNI, the rats were
first anesthetized by inhalation of 2% isoflurane (Lunam-
bert, China). The left sciatic nerve and its terminal branches
were exposed. The common peroneal and tibial nerves were
tightly ligated with a 5.0 silk thread and sectioned distal to
the ligation by removing 2—-4 mm of the nerve stump. Ade-
quate care was taken to avoid any contact with or stretching
of the sural nerve. Both the muscle and skin were sutured.
Only animals that developed mechanical allodynia were
used. For sham-operated rats, the left sciatic nerve and its
trifurcation were exposed but not manipulated. After the ani-
mals woke up from anesthesia, they were returned to their
cages. All rats were administered penicillin (80 U, intramus-
cularly, Shanghai Yuanye Bio-Technology Co., Ltd., China)
for 3 days to prevent bacterial infection.

Peripheral inflammation
Peripheral inflammation was induced by intraplantar injec-

tion of complete Freund’s adjuvant (CFA, Sigma-Aldrich,
USA). Before CFA injection, the rats were anesthetized by
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inhalation of 2% isoflurane. Then, the rats received subcu-
taneous injections of CFA (0.1 ml) into the plantar surface
of the left hind paw. For normal rats, 0.1 ml of saline was
subcutaneously injected into the plantar surface of the left
hind paw.

Paw withdrawal threshold

The paw withdrawal threshold (PWT) was measured by the
50% PWT method as previously described (Chaplan et al.
1994). The rats were placed in transparent organic glass
boxes (20 cmx 20 cm X 15 cm) on an elevated metal floor
until they adapted. Then, 0.4-, 0.6-, 1-, 2-, 4-, 6-, 8-, 15-, and
26-g Von Frey filaments (Stoelting, IL, USA) were pressed
on the lateral plantar surface (sural nerve area) of the hind
paw for approximately 68 s. The first filament applied cor-
responded to a force of 2 g. If a negative response (no move-
ment or paw withdrawal) was observed, recorded as O, then
a filament exerting a greater force was applied next. If a
positive reaction (paw withdrawal or escape) was induced,
recorded as X, then a filament of a lesser force was used
next. After the first “OX” or “X0O” sequence was obtained,
another four “O” or “X” responses were obtained, and the
50% PWT was calculated on the basis of the “O” and “X”
sequences.

Paw withdrawal latency

To measure the paw withdrawal latency (PWL), radiant
heat from a test instrument (37370, Ugo Basile, Italy) was
aimed at the lateral plantar surface of the hind paw after the
rats adapted to the test chamber, and the elapsed time was
recorded as the PWL. The radiant heat was set to 35 °C, and
the cutoff time was 20 s. PWL testing was repeated three
times with 5-min intervals at each time point, and the mean
of these values was used for further calculations.

Western blot analysis

Rats were anesthetized with 2% pentobarbital sodium
(Absin, China) and euthanized 3 days or 14 days after mod-
eling. They were quickly perfused with 150 ml of 0.9% NaCl
(4 °C). Then, the L4-L6 DRGs were extracted rapidly and
stored in a —80 °C freezer for western blot analysis.

RIPA lysis buffer (Beyotime, China) containing 1%
PMSF (Beyotime, China) and a protease/phosphatase
inhibitor cocktail (Applygen, China) was used to extract
the total protein from L4-L6 DRGs. The protein concen-
tration was detected with a BCA protein assay kit. Protein
samples (20 pg) were separated on 8% SDS-PAGE gels
and electrophoretically transferred to polyvinyl difluoride
(PVDF) membranes (Bio-Rad, USA). The membranes
were incubated in 5% low-fat milk in TBST for 1 h at room

temperature, with a rabbit anti-P2X3 antibody (1:1000 in
5% normal donkey serum, Abcam, USA) and an anti-TRPV1
antibody (1:1000 in 5% normal donkey serum, Abcam,
USA) overnight at 4 °C, and with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (1:10,000, Abcam,
USA) for 1 h at room temperature. A rabbit anti-GAPDH
antibody (HRP-conjugated) (1:1000, CST, USA) was used
as the internal control. The membranes were developed with
an ECL kit (Pierce, USA), and the signals were captured
with an ImageQuant LAS 4000 system (GE, USA). The den-
sity of each band was measured using ImageQuant TL 7.0
analysis software (GE, USA). The mean expression level
of the target protein in the normal or sham SNI group was
considered to be 1, and the relative expression level of the
target protein in all animals was normalized to the level in
the normal or sham SNI group.

Immunofluorescence

Rats were anesthetized with 2% pentobarbital sodium and
euthanized 3 days or 14 days after modeling. They were
quickly perfused with 150 ml of 0.9% NaCl (4 °C) fol-
lowed by 400 ml of fresh 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS). Then, the L4, L5, and L6
DRGs were removed and postfixed in the same fixative for
3 h at 4 °C before serial transfer to 15% and 30% sucrose
for dehydration.

The DRGs were sectioned into 14-pm slices. The slices
were blocked with 5% normal donkey serum in TBST (1%
Tween-20) for 1 h at 37 °C and then incubated with a rabbit
anti-P2X3 antibody (1:1000 in 5% normal donkey serum,
Abcam, USA) and a rabbit anti-TRPV1 antibody (1:1000 in
5% normal donkey serum, Abcam, USA) overnight at 4 °C.
The slices were then incubated in fluorescein isothiocyanate
(FITC)-conjugated AffiniPure donkey anti-rat IgG (H+L)
(Jackson, USA) for 1 h at 37 °C. Images were captured using
an AR confocal microscope (Nikon, Tokyo, Japan) to visu-
alize the expression of P2X3 and TRPV1 in the L4, L5,
and L6 DRGs. We used Image-Pro Plus 6.0 to analyze the
results. Five slices from each segment of the L4-L.6 DRGs
were randomly selected for analysis. Characteristics such
as the shape, area, and fluorescence intensity were assessed
through negotiation by two experimenters who were blinded
to the study groups. Briefly, a nearly circular area with
increased fluorescence intensity was considered a neuron.
Then, the positive cells in each slice were counted, and the
diameter of each neuron was calculated by the software.

DRG culture
DRG neurons were obtained from 6- to 8-week-old rats

and short-term cultured. The rats were anesthetized and
decapitated. The ipsilateral DRGs were harvested from
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the L4-L6 level and temporarily placed in cold DMEM.
Then, the DRGs were trimmed and placed in a dissociation
enzyme solution (1 mg/ml collagenase II (Sigma-Aldrich)
and 0.5 mg/ml trypsin (Sigma-Aldrich) in DMEM). After
30 min of digestion at 37 °C, the neurons were mechani-
cally dissociated and filtered. Then, the cells were placed on
poly-p-lysine/laminin-coated glass coverslips. The medium
contained equal amounts of DMEM and F12 (Gibco, Grand
Island, NY, USA), 10% FCS (Gibco) and 1% penicillin and
streptomycin (Invitrogen). The cultured neurons were used
for Ca** imaging 1 h after isolation.

Ca’* imaging

Ca”* imaging was performed on small- and medium-diam-
eter DRG neurons. Briefly, DRG neurons were loaded with
1 pM Fura 2-acetoxymethyl ester (Fura 2-AM, Invitrogen)
for approximately 45 min at 37 °C in a 5% CO, humidified
incubator. Then, the DRG neurons were washed twice for
at least 20 min per wash to remove the extracellular dye
from the DMEM. The imaging bath solution consisted of
the following (in mM): 130.0 NaCl, 3.0 KCI, 0.6 MgCl,, 2.0
CaCl,, 1.0 NaHCOs, 5.0 glucose, and 10.0 HEPES. The pH
was maintained with NaOH at 7.4, and the osmolarity was
adjusted to 300-320 mOsm with sucrose.

Ratiometric Ca®* imaging was performed at a room tem-
perature of 20-22 °C using an inverted Nikon A1 micro-
scope equipped with a DG4 lamp source (Sutter). The
neurons were illuminated at wavelengths of 340 nm and
380 nm by the source (the 340- and 380-nm filters were
automatically controlled by the lamp source), and the signals
at 340-nm and 380-nm excitation were captured at 2-s inter-
vals using a cooled charge-coupled device (CCD) camera
(Flash 4.0, Hamamatsu, Japan) controlled by a computer
with MetaFluor software. The ratio of 340-nm/380-nm
fluorescence intensity (R;403g0) Within a certain region of
interest was used as a relative measure of the intracellular
Ca** concentration. Capsaicin (CAP, 3 pM) and ap-meATP
(10 pM) were dissolved in the bath solution and applied to
the neurons with a solution perfusion system. K* (50 mM)
was applied to distinguish neurons from non-neuronal cells
and confirm the viability of the neurons at the end of each
experiment. Neurons were considered to respond to a chemi-
cal if the Rj4,35 increased to at least 15% above baseline.
Only the neurons that responded to chemical stimulation
were used for calculation.

Experimental design
The rats were randomly divided into four groups: the normal
(n=16), CFA (n=32), sham SNI (n=27) and SNI groups

(n=32). In the CFA and SNI groups, five randomly selected
rats were used for Ca’* imaging, five randomly selected rats
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were used for immunofluorescence analysis, and six ran-
domly selected rats were used for western blot analysis at
each time point. In the normal group, five randomly selected
rats were used for Ca?" imaging, five randomly selected rats
were used for immunofluorescence analysis, and six ran-
domly selected rats were used for western blot analysis. In
the sham SNI group, 5 randomly selected rats were used
for Ca?* imaging, 10 randomly selected rats were used for
immunofluorescence, and 12 randomly selected rats were
used for western blot analysis.

Statistical methods

All data are expressed as the means + standard errors
(SEMs). One-way ANOVA for independent samples fol-
lowed by Bonferroni post hoc test was used to analyze
differences among three or more groups. Independent Stu-
dent’s ¢ tests were used to analyze differences between the
two groups. P <0.05 was considered to indicate statistical
significance.

Results

Peripheral inflammation and nerve injury produce
different pain responses

The changes in mechanical and thermal pain thresholds
are shown in Fig. 1. Peripheral inflammation significantly
decreased the PWT of the rats (P <0.01, Fig. 1a) as well as
the PWL (P <0.01, Fig. 1b) 3 days and 14 days after CFA
injection. In addition, SNI surgery significantly decreased
the PWT (P <0.01, Fig. 1c) but not the PWL (P> 0.05,
Fig. 1d) of the rats 3 days and 14 days after the operation.
These results indicated that peripheral inflammation induced
both mechanical allodynia and thermal hyperalgesia. How-
ever, SNI surgery induced only mechanical allodynia.

CFA and SNl increased the magnitude of TRPV1-
and P2X3-mediated Ca?* responses in DRG neurons

The local application of CAP to the cell bodies significantly
increased [Ca’*], in DRGs in the four different groups
(Fig. 2). We also applied KCI to the cell bodies to raise
the [Ca**]i (Fig. 2a-f). Only the neurons that responded to
both CAP and KCI were analyzed further. The proportion
of neurons that responded to CAP was much higher in CFA
rats than in normal rats 3 days and 14 days after injection
(Fig. 2g), and CFA increased the magnitude of the CAP-
evoked Ca”* response 3 days and 14 days after injection
(P<0.01, Fig. 2h). SNI surgery also increased the propor-
tion of neurons that responded to CAP 3 days and 14 days
after surgery (Fig. 2i). Furthermore, the magnitude of the
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Fig. 1 CFA injection produced chronic mechanical and thermal pain,
while SNI surgery induced only chronic mechanical pain. PWTs (a)
and PWLs (b) of animals that received CFA injections. PWTs (c¢) and

CAP-evoked Ca’* response was significantly increased at
the same time points (P <0.01, Fig. 2j).

Local application of af3-meATP to the cell bodies sig-
nificantly increased [C212+]i in DRGs in normal, CFA, sham
SNI and SNI rats (Fig. 3). As described above, only the neu-
rons that reacted to both af-meATP and KCI were analyzed
(Fig. 3a-f). At 3 d, the proportion of neurons that reacted
to af-meATP was much higher in CFA rats than in normal
rats (Fig. 3g). However, there was little difference in the
percentage of responding neurons between the CFA group
and the normal group 14 days after injection. Furthermore,
the mean magnitude of the af-meATP-evoked Ca** response
was significantly higher in neurons from CFA rats than in
neurons from normal rats 3 days after injection (P <0.01,
Fig. 3h). In addition, there was no significant difference in
the average magnitude between the CFA group and the nor-
mal group 14 days after injection (P> 0.05, Fig. 3h). SNI
surgery also increased the proportion of neurons that reacted
to af-meATP (Fig. 3i). Compared to CFA, SNI induced a
higher percentage of neurons to respond to the agonist both
3 days and 14 days after surgery. Moreover, the mean mag-
nitude of the ap-meATP-evoked Ca>* response was higher in
neurons from SNI rats than in neurons from sham SNI rats 3
days and 14 days after surgery (P <0.01, Fig. 3j).

All the above data indicate that CFA and SNI changed the
Ca”" influx induced by TRPV1 and P2X3 in the peripheral
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nervous system. Moreover, the findings suggest that inflam-
matory and neuropathic pain may not share similar mecha-
nisms in the chronic stage. Therefore, we further investigated
the expression of P2X3 and TRPV1 in lumbar DRGs.

CFA and SNl induced different TRPV1 and P2X3
expressions in DRGs

The expression levels of TRPV1 and P2X3 in the L4-L6
DRGs were investigated by western blotting. Peripheral
inflammation increased the expression of both TRPV1
and P2X3 3 days after CFA injection (P <0.05, Fig. 4a-c).
Inflammation induced high expression of TRPV1 (P <0.05,
Fig. 4b) but did not affect the expression of P2X3 14 days
after CFA injection (P> 0.05, Fig. 4c). Peripheral nerve
injury also upregulated TRPV1 and P2X3 expressions in the
L4-L6 DRGs 3 days after the operation (P <0.05, Fig. 4d-f).
SNI increased the expression of both TRPV1 and P2X3 in
the L4-L.6 DRGs 14 days after surgery (P <0.05, Fig. 4e-f).

TRPV1-positive cells in the L4-L6 DRGs of CFA
and SNl rats

Peripheral inflammation and nerve injury both increased

the numbers of TRPV 1-immunoreactive (IR) cells in DRGs
(P<0.05, Fig. 5a, b, e). The numbers of TRPV1-IR cells
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Fig.2 CFA injection and SNI surgery increased the incidence and
magnitude of TRPV1-mediated Ca®* responses in DRG neurons.
DRG neurons isolated from rats in the normal (a), 3-day CFA (b),
14-day CFA (c), sham SNI (d), 3-day SNI (e) and 14-day SNI (f)
groups were exposed to CAP (3 puM) followed by KCI (50 mM) and
analyzed by Fura 2-AM ratiometric Ca®>* imaging (representative
traces are shown). The black bars above the traces show the chemi-

were slightly downregulated over time in the L4-L.6 DRGs
in both CFA and SNI rats (Fig. 5b, e). Furthermore, CFA
significantly increased the numbers of TRPV1-IR cells in the
L4 and L5 DRGs from 3 to 14 days after injection (P <0.05,
Fig. 5¢). However, CFA increased the number of TRPV1-IR
cells in the L6 DRG only 3 days after injection (P <0.05,
Fig. 5c); it failed to affect the number of TRPV1-IR cells in
the L6 DRG 14 days after injection (P >0.05, Fig. 5¢). The
numbers of TRPV1-IR cells in the L5 and L6 DRGs from
3 to 14 days after surgery were greater in the SNI group
than in the sham SNI group (P <0.05, Fig. 5f). However,
the operation only minimally affected the number of posi-
tive cells in the L4 DRG at any time point in this study
(P>0.05, Fig. 5f). Finally, TRPV1 was expressed mainly in

@ Springer
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cals applied. Proportion of CAP-responsive DRG neurons (g) and the
mean magnitude of TRPV 1-mediated Ca®* responses (h) in CFA rats.
Proportion of CAP-responsive DRG neurons (i) and the mean mag-
nitude of TRPV 1-mediated Ca** responses (j) in SNI rats. A total of
50-75 neurons from five rats were analyzed per group. **: compared
with the normal group, P<0.01; ##: compared with the sham SNI
group, P<0.01

neurons that were less than 299 pixels in area regardless of
the experimental group. Peripheral inflammation and nerve
injury did not change this observation (Fig. 5d, g).

A specific antagonist of TRPV 1, capsazepine (CPZ), was
next used to reverse the PWT changes in CFA and SNI rats
14 days after injection or operation. Subcutaneous applica-
tion of 0.4 mg/25 pl CPZ markedly reversed the PWT altera-
tions in CFA and SNI rats (P <0.01, Supplementary Fig. 1a).

P2X3-positive cells in the L4-6 DRGs of CFA and SNI
rats

Peripheral inflammation significantly increased the num-
bers of P2X3-IR cells in the L4-L.6 DRGs 3 days after CFA
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Fig.3 CFA injection and SNI surgery increased the incidence and
magnitude of P2X3-mediated Ca** responses in DRG neurons. DRG
neurons isolated from rats in the normal (a), 3-day CFA (b), 14-day
CFA (c), sham SNI (d), 3-day SNI (e) and 14-day SNI (f) groups
were exposed to aff-meATP (10 pM) followed by KCI (50 mM) and
analyzed by Fura 2-AM ratiometric Ca’>* imaging (representative
traces are shown). The black bars above the traces show the chemi-
cals applied. Proportion of afi-meATP-responsive DRG neurons (g)

injection but not 14 days after CFA injection (P > 0.05,
Fig. 6a, b). However, peripheral nerve injury increased the
numbers of positive cells in the L4-L6 DRGs from 3 to 14
days after the operation; after 14 d, the numbers gradually
decreased (P <0.05, Fig. 6a, e). CFA significantly increased
the numbers of P2X3-IR cells in the L4, L5 and L6 DRGs
3 days after injection (P <0.05, Fig. 6¢) but considerably
increased the number of P2X3-IR cells only in the L4 DRG
14 days after injection (P <0.05, Fig. 6¢). The numbers of
P2X3-IR cells in the L4 and L5 DRGs in the SNI group
were significantly higher than those in the sham SNI group
3 days after the SNI operation (P <0.05, Fig. 6f). However,
there was no significant difference in the number of P2X3-IR

Time after SNI operation Time after SNI operation

and the mean magnitude of P2X3-mediated Ca®* responses (h) in
CFA rats. Proportion of af-meATP-responsive DRG neurons (i) and
the mean magnitude of P2X3-mediated Ca>* responses (j) in SNI
rats. A total of 50-75 neurons from five rats were analyzed per group.
*##: compared with the normal group, P<0.01; #: compared with the
sham SNI group, P <0.05; ##: compared with the sham SNI group,
P<0.01

cells in the L6 DRG between the two groups at the same
time point (P> 0.05, Fig. 6F). In addition, peripheral nerve
injury only significantly increased the number of P2X3-IR
cells in the L6 DRG 14 days after the operation (P <0.01,
Fig. 6f). There were minimal differences in the numbers of
P2X3-IR cells in the L4 and L5 DRGs between the sham
and SNI groups (P> 0.05, Fig. 6f). Finally, P2X3, similar
to TRPV1, was expressed mainly in neurons with areas less
than 299 pixels (Fig. 6d, g).

A specific antagonist of P2X3, TNP-ATP, was used to
reverse the PWT changes in CFA and SNI rats 14 days
after injection or surgery. Subcutaneous application of
250 nmol/25 pl TNP-ATP markedly reversed the PWT
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Fig.4 CFA injection and SNI surgery increased the expression levels
of TRPV1 and P2X3 in DRGs. a Representative western blot show-
ing TRPV1 and P2X3 proteins isolated from DRGs 3 days and 14
days after CFA injection. Quantification results of the western blots
of TRPV1 (b) and P2X3 (c) proteins isolated from the DRGs 3 days
and 14 days after CFA injection. d Representative western blot show-

alterations in SNI rats and CFA rats (both P <0.01, Sup-
plementary Fig. 1b). These effects may have been due to
involvement of P2X3 in the normal pain perception of rats.
We will further investigate this possibility in future studies.

Discussion

The results obtained in this work indicate that although
inflammation and nerve injury often accompany each
other, they may not share a similar mechanism in the
peripheral nervous system in some cases. Peripheral
inflammation and nerve injury may induce pain through
the same mechanism, such as via high expression of P2X3
and TRPV1 in primary sensory neurons in the early phase.
However, the mechanisms of inflammatory and neuro-
pathic pain might be slightly different in the chronic stage.
In this study, TRPV1 was found to be involved in both the
maintenance and development of inflammatory and neu-
ropathic pain in peripheral nerves. However, P2X3 did not
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Time after SNI operation

Time after SNI operation

ing TRPV1 and P2X3 proteins isolated from DRGs 3 days and 14
days after SNI surgery. Quantification results of the western blots of
TRPV1 (e) and P2X3 (f) proteins isolated from the DRG 3 days and
14 days after SNI surgery. n=6. *: compared with the normal group,
P <0.05; **: compared with the normal group, P <0.01; #: compared
with the sham SNI group, P <0.05

appear to contribute to the maintenance of chronic inflam-
matory pain in primary sensory neurons.

CFA and SNI models were chosen to induce inflamma-
tory pain and neuropathic pain, respectively, in mammals
in this study. CFA is a classic chronic inflammatory pain
model inducer that is able to elicit mechanical allodynia
and thermal hyperalgesia lasting more than 14 days (Liu
et al. 2017). SNI is well established as an inducer of ani-
mal models of neuropathic pain that only minimally affects
sympathetic nerves and can produce profound and reli-
able pain behaviors (Straube et al. 2013). Here, the SNI
model was chosen not only because it is a classic and eas-
ily established neuropathic pain model but also because
it can elicit considerable mechanical allodynia without
inducing thermal hyperalgesia (Shields et al. 2003). In
this study, CFA decreased the PWT and PWL 3-14 days
after injection, and SNI decreased the PWT without affect-
ing the PWL at the same time points after surgery. These
results are consistent with previous reports (Liu et al.
2017, Shields et al. 2003).
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Fig.5 CFA injection and SNI surgery increased the numbers of
TRPV1-positive neurons in DRGs. a TRPV1 staining in the periph-
eral nervous system 3 days and 14 days after CFA injection or SNI
surgery. Scale bar: 100 mm. b Quantification of TRPV1-IR neurons
after CFA injection. ¢ Quantification of TRPV1-IR neurons in the L4,
L5 and L6 DRGs after CFA injection. d Areas of TRPV1-IR neurons

Since the two models induce thermal pain with distinct
features but mechanical pain with similar characteristics,
TRPV1 was chosen for investigation based on its functions
in primary sensory neurons. TRPV1 is an ion channel that

14d after operation

3d after operation 14d after operation

in normal and CFA rats. e Quantification of TRPV1-IR neurons after
SNI surgery. f Quantification of TRPV1-IR neurons in the L4, L5
and L6 DRGs after SNI surgery. g Areas of TRPVI-IR neurons in
sham SNI and SNI rats. n=5. *: compared with the normal group,
P <0.05; **: compared with the normal group, P<0.01; ##: com-
pared with the sham SNI group, P <0.01

contributes mainly to allodynia and hyperalgesia (Gonza-
lez-Rodriguez 2019). It is generally believed that TRPV1
increases sensitivity and decreases the pain threshold associ-
ated with thermal hyperalgesia to below pathological levels.
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Fig.6 CFA injection and SNI surgery increased the numbers of
P2X3-positive neurons in DRGs. a P2X3 staining in the peripheral
nervous system 3 days and 14 days after CFA injection or SNI sur-
gery. Scale bar: 100 mm. b Quantification of P2X3-IR neurons after
CFA injection. ¢ Quantification of P2X3-IR neurons in the L4, L5
and L6 DRGs after CFA injection. d Areas of P2X3-IR neurons in
normal and CFA rats. e Quantification of P2X3-IR neurons after SNI

High expression of TRPV1 in the peripheral nervous system
is involved in various types of pathological pain, including
inflammatory pain caused by formalin, CFA or carrageenan
and neuropathic pain caused by diabetic peripheral nerve
damage diabetic or paclitaxel injection (Fattori et al. 2019;
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surgery. f Quantification of P2X3-IR neurons in the L4, L5 and L6
DRGs after SNI surgery. g Areas of P2X3-IR neurons in sham SNI
and SNI rats. n=5. * compared with the normal group, P <0.05; **:
compared with the normal group, P<0.01; A: compared with the
CFA 3-day group, P<0.01; #: compared with the sham SNI group,
P <0.01; ##: compared with the sham SNI group, P <0.01

Hirai et al. 2014; Kwon et al. 2014; Liu et al. 2018; Luo et al.
2018). In the current study, CFA enhanced TRPV1-evoked
Ca®* responses and increased TRPV1 expression in the
L4-L6 DRGs 3-14 days after treatment while significantly
decreasing the threshold of thermal hyperalgesia, consistent
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with the findings of previous studies (Leisengang et al. 2020;
Li et al. 2019). Interestingly, SNI promoted TRPV 1-evoked
Ca”* responses and TRPV 1 expression in peripheral nerves
without changing the threshold of thermal hyperalgesia. Pre-
vious studies have indicated that regulation of the expression
of this protein even in only one DRG segment, such as L4 or
L5, is enough to change the pain threshold in mammals (Du
et al. 2017; Souza et al. 2013). Therefore, we hypothesized
that TRPV1 plays an important role in hyperalgesia in CFA
and SNI rats. However, we did not observe elevated expres-
sion of TRPV1 in the L4 DRGs of SNI rats. Whether the
lack of change in TRPV1 expression was related to a lack
of alteration in the thermal threshold needs further study.

Since CFA and SNI induced similar changes in TRPV1
expression, another ion channel receptor was selected for
observation. P2X3 is localized predominantly in peripheral
primary sensory neurons and is activated by the ligand ATP.
Although it was originally discovered as the main chemical
energy substance, the nucleotide ATP is also known to be an
essential extracellular signaling molecule for nociception as
well as various types of chronic pain (Burnstock 2016; North
2016). P2X3 is expressed mainly in non-peptide-containing
small-to-medium-diameter C- and Ad-fiber sensory neu-
rons and contributes strongly to persistent pain generation
(Chen et al. 2005). Many studies have indicated that P2X3,
like TRPV1, might be involved in multiple types of chronic
pain (Jung et al. 2017; Nunez-Badinez et al. 2018; Wu et al.
2016). However, we found that peripheral inflammation pro-
moted P2X3 expression and P2X3-induced Ca** responses
in L4-L.6 DRGs only over a short period. In contrast, SNI
surgery increased P2X3 expression and P2X3-evoked Ca>*
responses in DRG neurons over a long period of time (at
least 14 d). Although significant differences in the num-
bers of P2X3-positive cells in the L4-L5 DRGs were not
observed at the 14-day time point, the lack of significance
may have been due to the large SDs. Given that the average
numbers of P2X3-positive cells were strongly elevated, we
hypothesize that P2X3 plays pivotal roles in all phases of
neuropathic pain. In CFA rats, although high expression of
P2X3 was only observed in the L4-L5 DRGs 14 days after
the operation, the P2X3 antagonist still partly reversed the
hyperalgesia. It is not clear whether this effect was due to
the high expression of P2X3 in the L4 DRG or to the role
of P2X3 in normal pain sensation. Based on the results for
total protein expression, total P2X3-positive cell numbers
and Ca*" imaging, we hypothesize that P2X3 may not play
an important role in the chronic phase of CFA-induced
inflammatory pain. Therefore, regarding P2X3 and TRPV1
expression, neuropathic pain and inflammatory pain might
have similar mechanisms in the early phase but different
mechanisms in the chronic stage.

An interesting phenomenon was observed in this study.
Although high expression of TRPV1 was observed in DRGs

in the contexts of inflammatory and neuropathic pain, SNI did
not produce a noticeable change in the thermal pain threshold.
Sensitization and increased expression of TRPV1 are two of
the primary mechanisms associated with thermal pain, regard-
less of whether the pain is due to inflammation or nerve injury
(Hung and Tan 2018; Viana 2018). We still do not fully under-
stand the reason for this phenomenon but will investigate it in
future studies.

Conclusion

P2X3 and TRPV1 are expressed in the peripheral nervous sys-
tem and are both involved in inflammatory and neuropathic
pain. Based on changes in the timing and distribution of the
expression of these proteins, inflammatory and neuropathic
pain may share similar neuronal mechanisms during the early
phase. However, in the chronic phase, inflammatory and
neuropathic pain might be maintained by different neuronal
mechanisms.
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