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Abstract: Trigeminal neuralgia (TN) is a common facial neuropathic pain that is mainly characterized
by spontaneous or induced needling or electric shock pain in the innervation area of the trigeminal
nerve. It is also referred to as “the cancer that never dies”. The olfactory ensheathing cell (OEC) is a
special glial cell in the nervous system that has a strong supportive function in nerve regeneration.
Cell transplantation therapy is a useful treatment modality that we believe can be applied in TN
management. In this study, OECs were transplanted into the ligation site of the infraorbital nerve of
rats. We found that after the OEC transplantation, mechanical pain threshold in the face of the rats
was significantly increased. Western blotting, immunofluorescence assay, and reverse transcription-
quantitative polymerase chain reaction were performed on the trigeminal ganglia (TG) of model rats.
The results revealed a decrease in the expression of P2X7 receptor (P2X7R) in the trigeminal ganglia.
Our findings show that OEC transplantation has a good therapeutic effect on TN in rats, and that can
reduce the expression of P2X7R in trigeminal ganglia. Therefore, we think that OEC transplantation
may be a suitable treatment for TN.

Keywords: cell transplantation; chronic constrictive injury; glial cell; immunofluorescence;
infraorbital nerve; neuropathic pain; polymerase chain reaction; Sprague−Dawley; trigeminal ganglia;
trigeminal nerve

1. Introduction

Trigeminal neuralgia (TN) is a common facial neuropathic pain that mainly manifests
as spontaneous or induced needling or electric shock pain in the innervation area of the
trigeminal nerve. The pathogenesis of TN is still unclear; however, it is proposed to involve
demyelination and microvascular compression [1,2]. Moreover, the neural short circuit
theory plays an important role in the various pathogenetic mechanisms proposed to be
associated with TN. According to the theory, demyelination of the trigeminal nerve results
in contact between adjacent exposed axons as well as nociceptive and non-nociceptive
fibers, and transmission of spontaneous or heterotopic impulses through ephapses. These
changes cause the nerve center to recognize non-pain signals as pain signals, which results
in the sensation of pain [3–5]. Clinical treatment of TN mainly involves drug therapy and
surgery. Currently, the drugs used for long-term therapy have a poor therapeutic effect.
Additionally, the surgical treatment is associated with common sequelae such as facial
numbness and paresthesia [6–8].
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Olfactory ensheathing cells (OECs), the most myelinated cells, are the sheath blasts of
the olfactory nerve that aid in nerve regeneration throughout life. The role of OECs in axon
regeneration is unclear; however, OECs can secrete several neurotrophic factors including
brain-derived nerve growth factor (BDNF) and glial cell line-derived nerve growth factor
(GDNF) [9,10]. Cellular analgesia in animals is achieved through cell transplantation
into the central nervous system and alleviation of sustained pain by secreting bioactive
analgesics. This method has several application prospects in many cells with excellent
properties. OECs have been used in the clinical and preclinical trials of spinal cord injury
and have achieved good therapeutic outcomes [11–13].

Purinergic P2X1-P2X7 receptors (P2X1R-P2X7R) are adenosine triphosphate (ATP)
channel regulatory proteins. P2X receptors are involved in the occurrence and development
of pain [14]. Pain and other injurious stimuli induce cells to secrete excess ATP, which acts
as an energy storage substance in the human body and a signaling factor for purinergic
receptors. ATP and the purinergic receptors are mainly involved in the transmission of
pain and nociceptive stimuli in primary sensory neurons [14–17]. The purinergic receptors
P2X4R and P2X7R play an important role in this process. A large amount of evidence
shows that P2X4R in microglia play a key role in the mechanism of neuropathic pain.
Inhibiting the expression and function of P2X4R can inhibit the central sensitization of
neuropathic pain [18,19]. P2X7R activation leads to an increase in intracellular calcium ion
concentration as well as the release of a large number of proinflammatory factors such as
IL-1β and TNF-α [15,20,21].

A rat model of ION-CCI was used in the present study [22–24]. Primary cultured
OECs were transplanted into the rats at the end of surgery. Behavioral tests, Western
blotting, immunofluorescence assay, reverse transcription (RT)-quantitative polymerase
chain reaction (qPCR), and other methods were used to evaluate the effects of postoperative
treatment and changes in P2X7R level in the TG of the rats.

2. Materials and Methods
2.1. Ethics Statement

All the protocols for the animal experiment were approved by the Animal Care
and Ethics Committee of the Medical School of Traditional Chinese Medicine University
(Nanchang, China). All experimental procedures and protocols were approved by the
Experimental Animal Ethics Committee of the Medical School of Nanchang University
(Nanchang, China). All experimental procedures were in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

2.2. Experimental Animals

Thirty-six clean Sprague−Dawley (SD) rats of both sexes weighing 180–220 g and
aged 7–8 weeks were provided by the Department of Laboratory Animal Science at the
Jiangxi University of Traditional Chinese Medicine (Nanchang, China) for the study (license
no. SCXK (Gan) 2018–0003). All animals lived in a constant environment of 24 °C before
the experiment. Animals had sufficient food and water and were fed in a 12-h dark and
12-h light cycle environment.

2.3. Primary Culture of OECs

The olfactory bulbs of newborn SD rats were both removed under aseptic conditions
and washed twice in precooled phosphate-buffered saline (PBS) (Boster, Wuhan, China)
containing double antibody. Blood vessels and meningeal tissue on the olfactory bulb sur-
face were carefully removed. The olfactory bulbs were cut to 1 mm3 size using ophthalmic
scissors. The tissue samples were digested through mechanical blowing and with 0.25%
trypsin (NCM Biotech, Suzhou, China) for 15 min. After the digestion was terminated,
Dulbecco’s modified Eagle medium/Nutrient Mixture F-12 (DMEM/F12, Gibco, Beijing,
China) containing 15% fetal bovine serum (FBS) (CellMax, Beijing, China) was added to
the samples. The mixture was centrifuged and the cells were suspended in the medium.
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Subsequently, the cells were inoculated in a Petri dish and cultured in an incubator (5%
CO2, 37 ◦C). Then, the cells were purified using the Nash differential adherent method.
Suspended cells were transferred into a new culture dish 18 h after the first inoculation,
and these cells were transferred into a new culture dish again at 18 h after the second
inoculation [23,25]. The culture medium was subsequently changed every 1–2 days. Then,
cell purity was determined after 10 days.

2.4. Identification of OECs

Primary cultured OECs on Day 10 were seeded into 12-well plates for 12 h. After
fixation with 4% paraformaldehyde at 37 ◦C for 20–30 min, the cells were washed with
PBS and sealed with 5% bovine serum albumin (BSA, Boster) for 30 min. Then, the
cells were incubated with rabbit anti-rat p75 antibody (1:1000, Boster) and mouse anti-rat
glial fibrillary acidic protein (GFAP) antibody (1:1000, Boster) overnight in a refrigerator
at 4 ◦C [10,26]. On the second day, the primary antibody was removed and the cells
were washed, three times, with PBS buffer. Then, the cells were incubated in goat anti-
rabbit CY-3 antibody (1:200, Boster) and goat anti-mouse fluorescein isothiocyanate (FITC)
antibody (1:200, Boster) in a dark environment at room temperature for 1 h. Then, the
cells were washed, 3 times, with PBS buffer. Then, the samples were sealed with anti-
fluorescence quenching agent containing 4′,6-diamidino-2-phenylindole (DAPI) (Solarbio,
Beijing, China). The glass slides were then prepared and observed under a laser confocal
microscope (Olympus, Tokyo, Japan).

2.5. ION-CCI Rat Model

Two-month-old SD rats were anesthetized via intraperitoneal injection with 10%
chloral hydrate (0.35 mL/100 g), after which samples of their skins were prepared in
a sterile environment. The facial skin, muscles, and connective tissue of each rat were
carefully separated, and the infraorbital nerve was exposed. Ligation was performed with
0–4 absorbable sutures at an interval of 1–2 mm [22,24,27,28]. The ligation degree was
1/4th the diameter of the nerve without affecting normal blood supply to the nerve. The
muscle and skin were sutured layer by layer, and the rats were resuscitated at a suitable
temperature. The 36 rats were randomly divided into three groups (n = 12 per group):
sham, ION-CCI, and OEC groups. Rats in the sham group underwent only nerve exposure
without ligation. After nerve ligation was performed, rats in the OEC group were injected
with a suspension containing 1 × 105 cells. The rats were raised in the same environment
after they recovered from the anesthesia (Figure 1).

2.6. Animal Behavior Tests

A von Frey wire (BME-404, Tianjin, China) was used to measure the facial mechanical
pain threshold of the rats. Tests were conducted one day before and on Days 1, 3, 7, 11,
and 14 after the surgery. The rats were placed in a clear organic glass cage for 10–15 min,
after which the von Frey wire was used to stimulate the tentacle pad on the operative
side of the rats. Minimum force was used in the beginning of the test. Then, the bending
force was gradually increased until the rats showed a significant positive reaction. The test
interval was 5–10 s and the maximum test force was 10 g. The von Frey wire value obtained
was considered to be the mechanical facial pain threshold when three out of five tests had
positive reactions [27,29]. The data were collected and evaluated by an independent team.

2.7. Western Blotting

On the 14th day after operation, fresh TG tissue was collected and homogenized in
precooled lysis buffer (Solarbio, Beijing, China) for 30 min. Then, the tissue homogenate
was centrifuged (10,000 r/min, 15 min) and the supernatant was collected. The protein
concentration was determined using a BCA assay kit, and then heated to 95 ◦C for 10 min.
The protein was electrophoresed in 10% polyacrylamide gel (90 V 40 min and 120 V
50 min), and then transferred to PVDF membrane in transfer buffer (90 V 90 min). The
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PVDF membrane was put into 5% skimmed milk and sealed for 1 h. Rabbit anti-rat P2X7
antibody (1:8000, Alomone Labs, Jerusalem, Israel) and mouse β-actin antibody (1:2000,
OriGene, Rockville, MD, USA) were added to the membrane, followed by incubation
overnight in a refrigerator at 4 ◦C. After 12 h, the excess primary antibody was washed
3 times with TBST and the membrane was incubated with goat anti-mouse horseradish
peroxidase (HRP) antibody (1:10,000, ZSGB Biotech, Beijing, China) and goat anti-rabbit
HRP antibody (1:10,000, Boster, Wuhan, China). One and a half hours later, the PVDF
membranes were washed with TBST, again for 3 times, and electrochemiluminescence
(chemical hypersensitive luminescence) solution (NCM Biotech, Jiangsu, China) was added
to the membrane for analysis. The photographs were imaged using a BIO-RAD ChemiDoc
XRS+ (BIO-RAD, Hercules, CA, USA).

Figure 1. Experimental method: (A) Experimental timeline. In this part, we show the process of our
animal experiment. Two to three days before the formal experiment, we conducted behavioral training
on all animals to make them adapt to facial mechanical stimulation. Subsequently, behavioral tests
were performed by an independent group on Days 1, 3, 7, 11, and 14 after operation; (B) ION–CCI
operation in the rats and transplantation of OECs. For the operation, we anesthetized the rats and the
infraorbital nerve was exposed carefully. After ligation, we transplanted OECs into the nerve surface
and carefully sutured the muscle and skin to prevent the overflow of OECs.

2.8. Double-Labeling Immunofluorescence Assay

Rats were anesthetized with 10% chloral hydrate normal saline solution (0.35 mL/100 g).
On the 14th day after operation, normal saline and fresh 4% paraformaldehyde were perfused
through the heart. Then, we removed TG, fixed it with 4% paraformaldehyde for 1 day, then
transferred it to 20% sucrose solution for one day, and finally soaked for one day with 30%
sucrose solution. Then, TG sections (10 µm) were prepared on a freezing microtome and
placed on immunosorbent slides. The sections were washed, three times, with PBS buffer,
sealed with 5% BSA at 37 ◦C for 30 min, and incubated overnight with rabbit anti-rat P2X7
antibody (1:8000, Alomone Labs, Jerusalem, Israel) and mouse anti-rat GFAP antibody (1:1000,
Boster) in a wet box at 4 ◦C [28,30]. After 12 h, the slide was removed and washed, 3 times,
with PBS buffer, then, the tissue sections were incubated in CY-3 goat anti-rabbit antibody
(1:200, Boster, Wuhan, China) and FITC goat anti-mouse antibody (1:200, Boster) in a dark
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environment at room temperature for 1 h. Next, the sections were washed again, 3 times, with
PBS buffer and sealed with anti-fluorescence quenching sealing tablets containing DAPI dye
(Solarbio, Beijing, China). The photographs of the samples were taken with a laser confocal
microscope (Olympus, Tokyo, Japan).

2.9. RT-qPCR

Rats were anesthetized with 10% chloral hydrate normal saline solution (0.35 mL/100 g).
The TG on the operative side of the SD rats was removed and put into precooled PBS
buffer. After homogenization, total RNA was obtained through TRIzol reagent (Trans, Bei-
jing, China). The quantity and quality of total RNA were measured using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, MA, USA). The cDNA was obtained by us-
ing a reverse transcription kit (TIANGEN, Beijing, China). Real-time fluorescence qPCR
was performed in a thermal cycler using a premixed SYBR dye kit (TIANGEN, Beijing,
China). The temperature procedure was as follows: 95 ◦C for 15 min followed by 40 cycles
of 95 ◦C for 10 s and 60 ◦C for 32 s. Specific primers for the fluorescence qPCR were pur-
chased from Gene Company (P2X7R forward primer: 5′ CTGTGAAATCTTTGCCTGGTG 3′;
P2X7R reverse primer: 5′TGTTTCTCGTAGTATAGTTGTGGC3′; β-actin forward primer: 5′

CCGGGACCTGACTGACTACCTCA3′; β-actin reverse primer: 5′ GGACTCGTCATACTCCT-
GCTTGCTG 3′ (General Biosystems, Anhui, China)). The expression level of the P2X7 gene in
each group was determined by the 2−∆∆CT method.

2.10. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). The data obtained
were analyzed using the SPSS 17.0 software (IBM, Chicago, IL, USA). Differences in data
were compared using one-way analysis of variance test. Statistical significance was consid-
ered at p < 0.05.

3. Results
3.1. Morphology and Purity of OECs in Culture

During the process of culture, OECs had a fusiform appearance with large and stereo-
scopic cell bodies. The cells grew rapidly in 15% FBS and DMEM/F12. The immunofluo-
rescence assay showed that the OECs were double-labeled by GFAP and P75. The purity of
the OECs reached more than 90% under different visual fields, indicating that the purity
was at the level required for subsequent experiments (Figure 2).

3.2. Assessment of Mechanical Withdrawal Threshold (MWT)

The MWT data were collected one day before and 1, 3, 7, 11, and 14 days after the
surgery. The decrease in MWT was not significant in the sham group. In contrast, the
MWT in the ION-CCI and OEC groups decreased significantly after surgery; however, the
threshold in the OEC group was significantly higher than that in the ION-CCI group from
Day 7 (p < 0.05). Additionally, the threshold in the sham group was significantly higher
than that in the ION-CCI group (p < 0.05). There was a slight difference in MWT between
the sham and OEC groups (Figure 3).

3.3. P2X7R Protein Expression in the TG

After 14 days of normal feeding, the P2X7R protein expression in the TG changed
significantly in each group. Image J was used to analyze the gray value of the WB results,
and we compared the expression of P2X7R through β-actin. As compared with the sham
(p < 0.05) and OEC (p < 0.05) groups, the ION-CCI group showed a significantly higher
expression of P2X7R protein. There was no significant difference in P2X7R protein level
between the OEC and sham groups (p > 0.05) (Figure 4).
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Figure 2. Primary identification of OECs: (A) The cells were identified via immunofluorescence
analysis on Day 10 of the primary culture. The cell shape was fusiform, the cell body was round, and
the two poles became filamentous. OECs are known to express both P75 and GFAP. The results of the
immunofluorescence staining showed that most cells were stained red and green, which indicates a
positive expression for P75 and GFAP. Number of positive cells: 93.37% ± 0.75. Scale bars, 50 µm;
(B) OECs in growth state. The picture shows that the cell body of OEC is round, the poles are slender
and spindle shaped, and the growth state is good. Scale bars, 100 µm. OECs, olfactory ensheathing
cells; GFAP, mouse anti-rat glial fibrillary acidic protein.

Figure 3. Mechanical withdrawal threshold (MWT). After the establishment of the chronic infraorbital
nerve ligation injury model, the mechanical facial pain threshold in the sham group did not change
significantly from the threshold value before the surgery was performed. Behavioral changes in
the OEC group were noticeable from Day 3; but the changes were less noticeable in the ION-CCI
group. The MWT was significantly lower in the ION-CCI group than the sham group (p < 0.05) on
Day 14. However, the MWT was significantly higher in the OECs group than the ION-CCI group
(p < 0.05) but still lower than the sham group (p < 0.05). The data were collected and evaluated by an
independent team. Data are expressed as mean± SEM (n = 4 per group, one-way analysis of variance
followed by the least significant difference post hoc test). * Indicates p < 0.05; ** indicates p < 0.01;
*** indicates p < 0.001; **** indicates p < 0.0001. ION-CCI, chronic constrictive injury of infraorbital
nerve; MWT, mechanical withdrawal threshold; OEC, olfactory ensheathing cell; SEM, standard error
of the mean.
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Figure 4. Changes in P2X7R protein level in TG. We used Image J to analyze the gray value of
the WB results, and compared the expression of P2X7R through β-actin. The P2X7R expression
was significantly higher in the ION-CCI group than in the sham group (p < 0.05). However, it was
significantly lower in the OEC group than in the ION-CCI group (p < 0.05), and slightly higher
in the OEC group than in the sham group (p > 0.05). Data are expressed as mean ± SEM (n = 4
per group, one-way analysis of variance followed by the least significant difference post hoc test).
*** Indicates p < 0.001 when comparing the sham and ION-CCI groups, ** indicates p < 0.01 when
comparing the ION-CCI and OEC groups, and Ns. means p > 0.05 when comparing the sham and
OEC groups. The OEC group was comprised of rats with ION-CCI that were treated with OECs.
ION-CCI, chronic constrictive injury of infraorbital nerve; OEC, olfactory ensheathing cell; SEM,
standard error of the mean; TG, trigeminal ganglion.

3.4. Changes in P2X7R mRNA Expression

The mRNA level of P2X7R in the TG of rats in each group changed significantly
14 days after the operation. Specifically, the mRNA level of P2X7R in the ION-CCI group
was significantly higher than that in the sham group. These results may have been caused
by continuous secretion of proinflammatory factors and continuous increases in ATP levels
around the cells after long-term nerve ligation. Furthermore, we found that the mRNA
level of P2X7R was significantly lower in the OEC group than that in the ION-CCI group
(p < 0.05). In contrast, there was no significant difference in the mRNA level of P2X7R
between the OEC and sham groups (p > 0.05) (Figure 5).

Figure 5. Changes of P2X7R mRNA level in TG. In this part, The expression level of P2X7R mRNA
in each group was determined by the 2−∆∆CT method. The expression of P2X7R mRNA in the TG
was significantly different among the groups. The mRNA level of P2X7R in the ION-CCI group
was significantly higher than that in the sham (p < 0.05) and OEC (p < 0.05) groups. After OEC
transplantation, the mRNA level of P2X7R in the TG of the rats decreased significantly and was
similar to that in the sham group (p > 0.05). Data are expressed as mean ± SEM (n = 4 per group,
one-way analysis of variance followed by the least significant difference post hoc test). * Indicates
p < 0.05 when comparing the sham and ION-CCI groups and * indicates p < 0.05 when comparing
the ION-CCI and OEC groups. Ns. indicates p > 0.05 when comparing the sham and OEC groups.
The OEC group was comprised of rats with ION-CCI that were treated with OECs. ION-CCI, chronic
constrictive injury of infraorbital nerve; OEC, olfactory. ensheathing cell; SEM, standard error of the
mean; TG, trigeminal ganglion.
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3.5. Double-Labeling Immunofluorescence Assay of Frozen Sections

The P2X7R fluorescence intensity of each group was analyzed by Image J. P2X7R
is mainly expressed by glial cells, especially astrocytes, in the nervous system. There-
fore, P2X7R in the TG sections were co-labeled with GFAP for immunofluorescence
detection [31,32]. P2X7R and GFAP were observed to be co-located in the TG sections
of the rats. The fluorescence intensity of P2X7R in the ION-CCI group was significantly
higher (p < 0.05) than that in the sham group. Results obtained on Day 14 showed that
the fluorescence intensity of P2X7R in the OEC group was significantly lower than that
in the ION-CCI group (p < 0.05). There was no significant difference in P2X7R expression
between the sham and OEC groups (p > 0.05) (Figure 6).

Figure 6. Double-labeling immunofluorescence assay. Frozen TG sections were labeled with P2X7R
and GFAP and analyzed. The results showed that P2X7R and GFAP were co-expressed in the TG
of the rats. The P2X7R fluorescence intensity in each group was quantitatively analyzed. We found
that P2X7R (red) fluorescence intensity in the ION-CCI group was significantly higher than that in
sham group (p < 0.05). Additionally, P2X7R fluorescence intensity in the OEC group was significantly
lower than that in ION-CCI group (p < 0.05) and slightly higher than that in the sham group (p > 0.05).
Scale bar, 50 µm. Data are expressed as mean ± SEM (n = 4 per group, one-way analysis of variance
followed by the least significant difference post hoc test). **** Indicates p < 0.0001 when comparing
the sham and ION-CCI groups, *** indicates p < 0.001 when comparing the ION-CCI and OEC
groups, and Ns. indicates p > 0.05 when comparing the sham and OEC groups. The OEC group was
comprised of rats with ION-CCI that were treated with OECs. GFAP, glial fibrillary acidic protein;
ION-CCI, chronic constrictive injury of infraorbital nerve; OEC, olfactory ensheathing cell; SEM,
standard error of the mean; TG, trigeminal ganglion.

4. Discussion

OECs are neuroglial cells with a strong regeneration function. They can secrete
various nerve growth factors such as BDNF and GDNF, and their role in nerve repair
has been widely recognized [10]. OECs have also been used by some doctors to treat
spinal cord injury with good therapeutic outcomes [10–13]. Primary OECs were used
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in this study because primary culture cells are usually in a similar state as real in vivo
cells and undergo a small degree of change. The primary culture had several types of
cells; therefore, we performed P75 and GFAP double labeling on the OECs on Day 10
to verify cell purity [10,26]. We also developed a rat model of TN by inducing chronic
nerve injury via ligation of the infraorbital nerve of SD rats. The ION-CCI rat model is an
internationally recognized animal model of TN. Directional facial combing is a method
to evaluate spontaneous neuropathic pain in rats. After the operation, the rats showed
abnormal facial washing movements and sensory changes. This spontaneous facial pain in
rats is similar to the symptoms in patients with TN [24,33–35]. We tested the MWT of the
infraorbital nerve innervation region of the rats. We found that the mechanical threshold of
the rats had decreased significantly in the ION-CCI group, indicating that the model had
been successfully established [33,34,36].

OEC transplantation improved the MWT in rats with chronic sciatic nerve ligation
injury [37]. Current clinical treatments for TN are not completely effective. This is due to the
continuous use of drugs or the adverse effects that patients experience after surgery [6,38].
Consequently, there is an urgent need to find a better treatment for TN. In this study, we
explored whether transplantation of OECs can improve the symptoms of TN.

Time is a critical factor in the development of pain. Cell transplantation has been
found to have a good therapeutic effect on rats with neuropathic pain two weeks after the
procedure [37]. In the present study, TG was removed from the operative side of each rat
and subjected to Western blot, immunofluorescence, and RT-qPCR analyses. The results of
the analysis of protein and nucleic acid levels showed that OEC transplantation resulted
in a decrease in P2X7R expression in the TG. It is possible that the powerful regeneration
ability of OECs repaired the disintegrated myelin tissue and improved the faulty conduc-
tion of neural electrical signals [10]. Thus, harmless stimuli could be transmitted through
normal pathways without being recognized as pain signals. Another possible reason for
the observed results is that OECs have an excellent anti-inflammatory effect. [39,40]. P2X7R
is involved in the development of pain. In macrophages, when P2X7R is activated, pores in
the cell membrane opened to release proinflammatory cytokines such as interleukin-1β
to promote inflammatory responses [41]. Furthermore, P2X7R activated caspase–1 and
caspase–3–mediated release of inflammatory cytokines through the NLR family pyrin
domain-containing 3 signaling pathway [42,43]. Furthermore, the P2X7R–mediated nuclear
factor-κB signal transducer and activator of the transcription 3 pathway has resulted in
the alleviation of neuropathic pain symptoms in rats [44]. In the present study, the P2X7R
expression in the experimental rats decreased after OEC transplantation. However, the
mechanism underlying this decrease in P2X7R expression and the respective pathway in-
volved are still unknown. Therefore, we hope to further explore these internal mechanisms
in future studies.

In the present study, we transplanted OECs to the ligation site of ION. Our results
showed significant improvement in the behavior of the rats after OEC transplantation. The
P2X7R expression in the OEC group was also lower than that in the ION–CCI group. We
think that OEC transplantation may lead to the inhibition of P2X7R activation and reduce
the pain of TN in rats. Therefore, it may be considered to be a new treatment option for TN.

Author Contributions: J.L. (Jiafeng Lu), W.Z., B.C., J.L. (Jiayi Liao), M.L., H.C. and J.Z. contributed
to the study conception and design and the collection, analysis, and interpretation of the data;
J.L. (Jiafeng Lu) and B.Y. wrote the manuscript or provided critical revision of the manuscript for
intellectual content; Z.L. and J.L. (Jiafeng Lu) performed the statistical analysis, obtained funding,
and provided administrative, technical or material support, and supervision. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (nos. 82060240,
81760418, and 81260190), the Natural Science Foundation of Jiangxi Province (no. 20181BAB205061), the
Science and Technology Plan of Health Commission of Jiangxi Province (no. 20132019), and the Science
and Technology Research Project of Education Department of Jiangxi Province (no. GJJ150215). The



Brain Sci. 2022, 12, 706 10 of 11

funding sources had no role in the study conception and design, data analysis or interpretation, paper
writing, or decision to submit this manuscript for publication.

Institutional Review Board Statement: All experimental procedures and protocols were approved
by the Experimental Animal Ethics Committee of the Medical School of Nanchang University
(NCU–DKZX–2022–505, Nanchang, China). All experimental procedures were in accordance with
the National Institutes of Health guidelines for the Care and Use of Laboratory Animals.

Informed Consent Statement: Not applicable.This study does not involve human studies.

Data Availability Statement: Datasets analyzed in the current study are available from the corre-
sponding author on request.

Acknowledgments: Thank you to all the panelists for their contributions.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Jeon, H.J.; Han, S.R.; Park, M.K.; Yang, K.Y.; Bae, Y.C.; Ahn, D.K. A novel trigeminal neuropathic pain model: Compression of

the trigeminal nerve root produces prolonged nociception in rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 2012, 38, 149–158.
[CrossRef] [PubMed]

2. Li, F.; Han, S.; Ma, Y.; Yi, F.; Xu, X.; Liu, Y. Optimal duration of percutaneous microballoon compression for treatment of trigeminal
nerve injury. Neural Regen. Res. 2014, 9, 179–189. [CrossRef] [PubMed]

3. Grasso, G.; Landi, A.; Alafaci, C. A novel pathophysiological mechanism contributing to trigeminal neuralgia. Mol. Med. 2016, 22,
452–454. [CrossRef] [PubMed]

4. Love, S.; Coakham, H.B. Trigeminal neuralgia: Pathology and pathogenesis. Brain 2001, 124 Pt 12, 2347–2360. [CrossRef]
5. Zhang, Y.; Mao, Z.; Cui, Z.; Ling, Z.; Pan, L.; Liu, X.; Zhang, J.; Yu, X. Diffusion tensor imaging of axonal and myelin changes in

classical trigeminal neuralgia. World Neurosurg. 2018, 112, e597–e607. [CrossRef]
6. Alford, E.N.; Chagoya, G.; Elsayed, G.A.; Bernstock, J.D.; Bentley, J.N.; Romeo, A.; Guthrie, B. Risk factors for wound-related

complications after microvascular decompression. Neurosurg. Rev. 2021, 44, 1093–1101. [CrossRef]
7. de Oliveira, C.L.; Medeiros, L.F.; de Souza, V.S.; Lopes, B.C.; de Oliveira, F.F.; Marques, L.X.; da Silva Torres, I.L.; de Souza, A.

Low-dose naltrexone reverses facial mechanical allodynia in a rat model of trigeminal neuralgia. Neurosci. Lett. 2020, 736, 135248.
[CrossRef]

8. Raygor, K.P.; Lee, A.T.; Nichols, N.; Wang, D.D.; Ward, M.M.; Barbaro, N.M.; Chang, E.F. Long-term pain outcomes in elderly pa-
tients with trigeminal neuralgia: Comparison of first-time microvascular decompression and stereotactic radiosurgery. Neurosurg.
Focus 2020, 49, E23. [CrossRef]

9. Chuah, M.I.; West, A.K. Cellular and molecular biology of ensheathing cells. Microsc. Res. Technol. 2002, 58, 216–227. [CrossRef]
10. Gómez, R.M.; Sánchez, M.Y.; Lomba, M.P.; Ghotme, K.; Barreto, G.E.; Sierra, J.; Moreno-Flores, M.T. Cell therapy for spinal cord

injury with olfactory ensheathing glia cells (OECs). Glia 2018, 66, 1267–1301. [CrossRef]
11. Gilmour, A.; Reshamwala, R.; Wright, A.A.; Ekberg, J.A.; John, J.A.S. Optimizing Olfactory Ensheathing Cell Transplantation for

Spinal Cord Injury Repair. J. Neurotrauma 2020, 37, 817–829. [CrossRef] [PubMed]
12. Miah, M.; Ferretti, P.; Choi, D. Considering the Cellular Composition of Olfactory Ensheathing Cell Transplants for Spinal Cord

Injury Repair: A Review of the Literature. Front. Cell Neurosci. 2021, 15, 781489. [CrossRef] [PubMed]
13. Nakhjavan-Shahraki, B.; Yousefifard, M.; Rahimi-Movaghar, V.; Baikpour, M.; Nasirinezhad, F.; Safari, S.; Yaseri, M.; Jafari, A.M.;

Ghelichkhani, P.; Tafakhori, A.; et al. Transplantation of olfactory ensheathing cells on functional recovery and neuropathic pain
after spinal cord injury; systematic review and meta-analysis. Sci. Rep. 2018, 8, 325. [CrossRef] [PubMed]

14. Jacobson, K.A.; Giancotti, L.A.; Lauro, F.; Mufti, F.; Salvemini, D. Treatment of chronic neuropathic pain: Purine receptor
modulation. Pain 2020, 161, 1425–1441. [CrossRef]

15. Arribas-Blázquez, M.; Olivos-Oré, L.A.; Barahona, M.V.; Sánchez de la Muela, M.; Solar, V.; Jiménez, E.; Gualix, J.; McIntosh,
J.M.; Ferrer-Montiel, A.; Miras-Portugal, M.T.; et al. Overexpression of P2X3 and P2X7 receptors and TRPV1 channels in
adrenomedullary chromaffin cells in a rat model of neuropathic pain. Int. J. Mol. Sci. 2019, 20, 155. [CrossRef]

16. Di Virgilio, F.; Dal Ben, D.; Sarti, A.C.; Giuliani, A.L.; Falzoni, S. The P2X7 receptor in infection and inflammation. Immunity 2017,
47, 15–31. [CrossRef]

17. Jimenez-Mateos, E.M.; Smith, J.; Nicke, A.; Engel, T. Regulation of P2X7 receptor expression and function in the brain. Brain Res.
Bull 2019, 151, 153–163. [CrossRef]

18. Long, T.; He, W.; Pan, Q.; Zhang, S.; Zhang, Y.; Liu, C.; Liu, Q.; Qin, G.; Chen, L.; Zhou, J. Microglia P2X4 receptor contributes to
central sensitization following recurrent nitroglycerin stimulation. J. Neuroinflammation 2018, 15, 245. [CrossRef]

19. Tsuda, M.; Masuda, T.; Tozaki-Saitoh, H.; Inoue, K. P2X4 receptors and neuropathic pain. Front. Cell Neurosci. 2013, 7, 191.
[CrossRef]

20. Lu, W.; AlBalawi, F.; Beckel, J.M.; Lim, J.C.; Laties, A.M.; Mitchell, C.H. The P2X7 receptor links mechanical strain to cytokine IL-6
up-regulation and release in neurons and astrocytes. J. Neurochem. 2017, 141, 436–448. [CrossRef]

http://doi.org/10.1016/j.pnpbp.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22449477
http://doi.org/10.4103/1673-5374.125347
http://www.ncbi.nlm.nih.gov/pubmed/25206799
http://doi.org/10.2119/molmed.2016.00172
http://www.ncbi.nlm.nih.gov/pubmed/27533070
http://doi.org/10.1093/brain/124.12.2347
http://doi.org/10.1016/j.wneu.2018.01.095
http://doi.org/10.1007/s10143-020-01296-1
http://doi.org/10.1016/j.neulet.2020.135248
http://doi.org/10.3171/2020.7.FOCUS20446
http://doi.org/10.1002/jemt.10151
http://doi.org/10.1002/glia.23282
http://doi.org/10.1089/neu.2019.6939
http://www.ncbi.nlm.nih.gov/pubmed/32056492
http://doi.org/10.3389/fncel.2021.781489
http://www.ncbi.nlm.nih.gov/pubmed/34867207
http://doi.org/10.1038/s41598-017-18754-4
http://www.ncbi.nlm.nih.gov/pubmed/29321494
http://doi.org/10.1097/j.pain.0000000000001857
http://doi.org/10.3390/ijms20010155
http://doi.org/10.1016/j.immuni.2017.06.020
http://doi.org/10.1016/j.brainresbull.2018.12.008
http://doi.org/10.1186/s12974-018-1285-3
http://doi.org/10.3389/fncel.2013.00191
http://doi.org/10.1111/jnc.13998


Brain Sci. 2022, 12, 706 11 of 11

21. Shieh, C.-H.; Heinrich, A.; Serchov, T.; van Calker, D.; Biber, K. P2X7-dependent, but differentially regulated release of IL-6, CCL2,
and TNF-α in cultured mouse microglia. Glia 2014, 62, 592–607. [CrossRef] [PubMed]

22. Okada, S.; Katagiri, A.; Saito, H.; Lee, J.; Ohara, K.; Iinuma, T.; Bereiter, D.A.; Iwata, K. Differential activation of ascending noxious
pathways associated with trigeminal nerve injury. Pain 2019, 160, 1342–1360. [CrossRef] [PubMed]

23. Nash, H.H.; Borke, R.C.; Anders, J.J. New method of purification for establishing primary cultures of ensheathing cells from the
adult olfactory bulb. Glia 2001, 34, 81–87. [CrossRef] [PubMed]

24. Deseure, K.; Hans, G.H. Chronic Constriction Injury of the Rat’s Infraorbital Nerve (IoN-CCI) to Study Trigeminal Neuropathic
Pain. J. Vis. Exp. 2015, 103, 53167. [CrossRef] [PubMed]

25. Zhang, L.; Zhuang, X.; Kotitalo, P.; Keller, T.; Krzyczmonik, A.; Haaparanta-Solin, M.; Solin, O.; Forsback, S.; Grönroos, T.J.;
Han, C.; et al. Intravenous transplantation of olfactory ensheathing cells reduces neuroinflammation after spinal cord injury via
interleukin-1 receptor antagonist. Theranostics 2021, 11, 1147–1161. [CrossRef] [PubMed]

26. Higginson, J.R.; Barnett, S.C. The culture of olfactory ensheathing cells (OECs)—A distinct glial cell type. Exp. Neurol. 2011, 229,
2–9. [CrossRef]

27. Lu, Z.-Y.; Fan, J.; Yu, L.-H.; Ma, B.; Cheng, L.-M. The Up-regulation of TNF-α Maintains Trigeminal Neuralgia by Modulating
MAPKs Phosphorylation and BKCa Channels in Trigeminal Nucleus Caudalis. Front. Cell Neurosci. 2021, 15, 764141. [CrossRef]

28. Yin, C.; Shen, W.; Zhang, M.; Wen, L.; Huang, R.; Sun, M.; Gao, Y.; Xiong, W. Inhibitory Effects of Palmatine on P2X7 Receptor
Expression in Trigeminal Ganglion and Facial Pain in Trigeminal Neuralgia Rats. Front. Cell Neurosci. 2021, 15, 672022. [CrossRef]

29. Noma, N.; Watanabe, K.; Sato, Y.; Imamura, Y.; Yamamoto, Y.; Ito, R.; Maruno, M.; Shimizu, K.; Iwata, K. Botulinum neurotoxin
type A alleviates mechanical hypersensitivity associated with infraorbital nerve constriction injury in rats. Neurosci. Lett. 2017,
637, 96–101. [CrossRef]

30. Guan, S.; Shen, Y.; Ge, H.; Xiong, W.; He, L.; Liu, L.; Yin, C.; Wei, X.; Gao, Y. Dihydromyricetin Alleviates Diabetic Neuropathic
Pain and Depression Comorbidity Symptoms by Inhibiting P2X7 Receptor. Front. Psychiatry 2019, 10, 770. [CrossRef]

31. Munoz, F.M.; Patel, P.A.; Gao, X.; Mei, Y.; Xia, J.; Gilels, S.; Hu, H. Reactive oxygen species play a role in P2X7 receptor-mediated
IL-6 production in spinal astrocytes. Purinergic Signal 2020, 16, 97–107. [CrossRef] [PubMed]

32. Ren, W.J.; Illes, P. Involvement of P2X7 receptors in chronic pain disorders. Purinergic Signal 2022, 18, 83–92. [CrossRef]
33. Vos, B.P.; Strassman, A.M.; Maciewicz, R.J. Behavioral evidence of trigeminal neuropathic pain following chronic constriction

injury to the rats infraorbital nerve. J. Neurosci. 1994, 14, 2708–2723. [CrossRef] [PubMed]
34. Vos, B.P.; Hans, G.; Adriaensen, H. Behavioral assessment of facial pain in rats face grooming patterns after painful and

non-painful sensory disturbances in the territory of the rats infraorbital nerve. Pain 1998, 76, 173–178. [CrossRef]
35. Deseure, K.; Koek, W.; Adriaensen, H.; Colpaert, F.C. Continuous administration of the 5 hydroxytryptamine1A agonist (3-Chloro-

4-fluorophenyl)-[4-fluoro-4-[[(5-methyl-pyridin-2-ylmethyl) -amino]-methyl]piperidin-1-yl]-methadone (F 13640) attenuates
allodynia like behavior in a rat model of trigeminal neuropathic pain. J. Pharmacol. Exp. Ther. 2003, 306, 505–514.

36. Nakajima, A.; Tsuboi, Y.; Suzuki, I.; Honda, K.; Shinoda, M.; Kondo, M.; Matsuura, S.; Shibuta, K.; Yasuda, M.; Shimizu, N.; et al.
PKCγ in Vc and C1/C2 is involved in trigeminal neuropathic pain. J. Dent. Res. 2011, 90, 777–781. [CrossRef]

37. Zhang, W.; Liu, Y.; Sun, Y.; Liu, Z. Microencapsulated olfactory ensheathing cell transplantation reduces P2X4 receptor overex-
pression and inhibits neuropathic pain in rats. Brain Res. 2019, 1724, 146465. [CrossRef]

38. Bendtsen, L.; Zakrzewska, J.M.; Heinskou, T.B.; Hodaie, M.; Leal, P.R.L.; Nurmikko, T.; Obermann, M.; Cruccu, G.; Maarbjerg, S.
Advances in diagnosis, classification, pathophysiology, and management of trigeminal neuralgia. Lancet Neurol. 2020, 19, 784–796.
[CrossRef]

39. Xie, J.; Li, Y.; Dai, J.; He, Y.; Sun, D.; Dai, C.; Xu, H.; Yin, Z.Q. Olfactory Ensheathing Cells Grafted Into the Retina of RCS Rats
Suppress Inflammation by Down-Regulating the JAK/STAT Pathway. Front. Cell Neurosci. 2019, 13, 341. [CrossRef]

40. Zhang, J.; Chen, H.; Duan, Z.; Chen, K.; Liu, Z.; Zhang, L.; Yao, N.; Li, B. The Effects of Co-transplantation of Olfactory
Ensheathing Cells and Schwann Cells on Local Inflammation Environment in the Contused Spinal Cord of Rats. Mol. Neurobiol.
2017, 54, 943–953. [CrossRef]

41. Ren, W.; Rubini, P.; Tang, Y.; Engel, T.; Illes, P. Inherent P2X7 receptors regulate macrophage functions during inflammatory
diseases. Int. J. Mol. Sci. 2021, 23, 232. [CrossRef] [PubMed]

42. Martínez-García, J.J.; Martínez-Banaclocha, H.; Angosto-Bazarra, D.; de Torre-Minguela, C.; Baroja-Mazo, A.; Alarcón-Vila, C.;
Martínez-Alarcón, L.; Amores-Iniesta, J.; Martín-Sánchez, F.; Ercole, G.A.; et al. P2X7 receptor induces mitochondrial failure in
monocytes and compromises NLRP3 inflammasome activation during sepsis. Nat. Commun. 2019, 10, 2711. [CrossRef] [PubMed]

43. Wang, D.; Wang, H.; Gao, H.; Zhang, H.; Zhang, H.; Wang, Q.; Sun, Z. P2X7 receptor mediates NLRP3 inflammasome activation
in depression and diabetes. Cell Biosci. 2020, 10, 28. [CrossRef] [PubMed]

44. Yang, R.; Li, Z.; Zou, Y.; Yang, J.; Li, L.; Xu, X.; Schmalzing, G.; Nie, H.; Li, G.; Liu, S.; et al. Gallic acid alleviates neuropathic pain
behaviors in rats by inhibiting P2X7 receptor-mediated NF-κB/STAT3 signaling pathway. Front. Pharmacol. 2021, 12, 680139.
[CrossRef]

http://doi.org/10.1002/glia.22628
http://www.ncbi.nlm.nih.gov/pubmed/24470356
http://doi.org/10.1097/j.pain.0000000000001521
http://www.ncbi.nlm.nih.gov/pubmed/30747907
http://doi.org/10.1002/glia.1043
http://www.ncbi.nlm.nih.gov/pubmed/11307157
http://doi.org/10.3791/53167
http://www.ncbi.nlm.nih.gov/pubmed/26437303
http://doi.org/10.7150/thno.52197
http://www.ncbi.nlm.nih.gov/pubmed/33391526
http://doi.org/10.1016/j.expneurol.2010.08.020
http://doi.org/10.3389/fncel.2021.764141
http://doi.org/10.3389/fncel.2021.672022
http://doi.org/10.1016/j.neulet.2016.11.043
http://doi.org/10.3389/fpsyt.2019.00770
http://doi.org/10.1007/s11302-020-09691-5
http://www.ncbi.nlm.nih.gov/pubmed/32146607
http://doi.org/10.1007/s11302-021-09796-5
http://doi.org/10.1523/JNEUROSCI.14-05-02708.1994
http://www.ncbi.nlm.nih.gov/pubmed/8182437
http://doi.org/10.1016/S0304-3959(98)00039-6
http://doi.org/10.1177/0022034511401406
http://doi.org/10.1016/j.brainres.2019.146465
http://doi.org/10.1016/S1474-4422(20)30233-7
http://doi.org/10.3389/fncel.2019.00341
http://doi.org/10.1007/s12035-016-9709-5
http://doi.org/10.3390/ijms23010232
http://www.ncbi.nlm.nih.gov/pubmed/35008658
http://doi.org/10.1038/s41467-019-10626-x
http://www.ncbi.nlm.nih.gov/pubmed/31221993
http://doi.org/10.1186/s13578-020-00388-1
http://www.ncbi.nlm.nih.gov/pubmed/32166013
http://doi.org/10.3389/fphar.2021.680139

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Experimental Animals 
	Primary Culture of OECs 
	Identification of OECs 
	ION-CCI Rat Model 
	Animal Behavior Tests 
	Western Blotting 
	Double-Labeling Immunofluorescence Assay 
	RT-qPCR 
	Statistical Analysis 

	Results 
	Morphology and Purity of OECs in Culture 
	Assessment of Mechanical Withdrawal Threshold (MWT) 
	P2X7R Protein Expression in the TG 
	Changes in P2X7R mRNA Expression 
	Double-Labeling Immunofluorescence Assay of Frozen Sections 

	Discussion 
	References

