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Many trigeminal neuropathic pain patients suﬀer severe chronic pain. The neuropathic pain might be related
with cross-excitation of the neighboring neurons and satellite glial cells (SGCs) in the sensory ganglia and increasing the pain signals from the peripheral tissue to the central nervous system. We induced trigeminal
neuropathic pain by infraorbital nerve constriction injury (IONC) in Sprague-Dawley rats. We tested cytokine
(CXCL2 and IL-10) levels in trigeminal ganglia (TGs) after trigeminal neuropathic pain induction, and the eﬀect
of direct injection of the anti-CXCL2 and recombinant IL-10 into TG. We found that IONC induced pain behavior.
Additionally, IONC induced satellite glial cell activation in TG and cytokine levels of TGs were changed after
IONC. CXCL2 levels increased on day 1 of neuropathic pain induction and decreased gradually, with IL-10 levels
showing the opposite trend. Recombinant IL-10 or anti-CXCL2 injection into TG decreased pain behavior. Our
results show that IL-10 or anti-CXCL2 are therapy options for neuropathic pain.

1. Introduction
Peripheral nerve injury induces neuropathic pain and neuronal
hyperexcitation within sensory ganglia [1]. Although it has been reported that there are no synaptic contacts in sensory ganglia [2,3],
depolarized sensory neuron somata can induce cross-excitation by activating neighboring neurons in the same ganglion [4], and this appears
to be chemically mediated [5]. Some studies have reported that neurotransmitters such as substance P, calcitonin gene-related peptide
(CGRP), and adenosine triphosphate are released from the somata of
neurons in sensory ganglia [6–10], and go on to excite neurons [11,12].
The release of these neurotransmitters is reported to be increased in
inﬂammatory and neuropathic pain conditions [7,13].
It has also been reported that cytokines are released from trigeminal
ganglion (TG) glial-rich cultures [14,15]. The cytokines released may
aﬀect neighboring sensory neurons or the other satellite glial cells
(SGCs) in the TGs. For instance, SGCs modulate the excitation of TG
neurons through interleukin-1β (IL-1β) [16] and CGRP enhances
communication between purinergic neurons and glial cells [17]. In
some pain models, such as neuropathic pain and migraine, SGC activity

increases cytokine release [18,19]. These reports showed that neuropathic pain might induce the cross-excitation of neighboring neurons
and SGCs in the sensory ganglia, and increase pain signals from the
peripheral tissue to the central nervous system.
One cytokine, chemokine (C-X-C motif) ligand 2 (CXCL2) also
known as macrophage inﬂammatory protein 2-α belongs to the CXC
chemokine family, along with growth-regulated protein β and Gro oncogene-2. CXCL2 is 90% identical in amino acid sequence to the related
chemokine, CXCL1. This chemokine is reported to be secreted by
monocytes and macrophages, and is chemotactic for polymorphonuclear leukocytes and hematopoietic stem cells [20–22]. It has been
reported that CXCL2 and its receptor are up-regulated in neutrophils
and macrophages that accumulate in injured sciatic nerves, and that
this might elicit chronic neuroinﬂammation through neutrophil accumulation, leading to neuropathic pain [23].
IL-10 is a cytokine produced from type 2 helper T cells, activated B
cells, monocytes, mast cells and keratinocytes. Its bioactivity varies
widely, but it has a distinctly diﬀerent feature from other cytokines of
inhibitory activity. IL-10 mainly acts on monocyte line cells to suppress
immune function, including the production of inﬂammatory cytokines
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points were recorded for each side, and the three median value after
eliminating the highest and lowest value were averaged. Baseline behavioral testing was performed 1–2 days before the IONC surgery and
the testing was repeated after IONC surgery.

in an inhibitory manner, and against lymphocytes, indirectly through
monocyte lineage cells [24,25]. It has been reported that dorsal root
ganglion (DRG) IL-10 levels were signiﬁcantly reduced 3 and 8 days
following sciatic nerve constriction and partial sciatic ligation, and
signiﬁcantly increased 3 and 8 days following complete sciatic transection [26].
No studies have reported when CXCL2 and IL-10 levels increase in
TG after trigeminal neuropathic pain model induction, or the eﬀect of
direct injection of related drugs of CXCL2 and IL-10 into TG on pain
reduction. This study investigated the timing of changes in the levels of
the cytokine CXCL2 and IL-10 in TG after trigeminal neuropathic pain
induction, and the eﬀect of direct injection of CXCL2 and IL-10 into TG.

2.4. Immunohistochemistry
The rats were deeply anesthetized with medetomidine 0.375 mg/kg,
midazolam 2 mg/kg and butorphanol 2.5 mg/kg and the TGs were excised. The tissues were embedded in Tissue-Tek O.C.T. Compound
(Sakura Finetek USA Inc., Torrance, CA, USA) and stored at −80 °C
until cryosectioning. Then, the ganglion tissues were sliced into
6–10 μm-thick sections in the horizontal plane along the long axis. The
sections were thaw-mounted on a slide glass (Matsunami, Osaka,
Japan) and dried for 2 h at 40–50 °C. The samples were then ﬁxed in 4%
paraformaldehyde for 30 min at room temperature. After rinsing with
wash phosphate-buﬀered saline (PBS) and 1% polyxyethylene solution
monolaurate (Tween20) (Wako Pure Chemical Industries. Ltd, Osaka,
Japan) two times for 5 min each, and then PBS in Triton® X-100
(Nacalai, Kyoto, Japan) on ice for 10 min. The sections were blocked
with 5% goat serum on ice for 30 min and then incubated in rabbit glial
ﬁbrillary acidic protein (GFAP) polyclonal antibody (1:500; Bioss antibodies, Boston, MA, USA) and/or Alexa Fluor 488 anti-rabbit IgG
(1:200; Thermo Fisher Scientiﬁc, Waltham, MA, USA) in 0.01 M PBS for
1 h at room temperature. After rinsing with 0.01 M PBS, the sections
were treated by a 100 diluted 4′, 6-Diamidino-2-phenylindole dihydrochloride (DAPI, 1:100, Nacalai Tesque, Inc, Kyoto, Japan) for
15 min. The sections were observed using a BZ-9000 system (Keyence,
Osaka, Japan).

2. Materials and methods
2.1. Animals
Sprague-Dawley male rats were used in this study (weighing
145–160 g, CLEA Japan, Osaka, Japan). The rats were kept in transparent polycarbonate cages (length: 38 cm, width: 33 cm, height:
17.5 cm) with paper bedding. The animal room temperature was
maintained at 19–21 °C with a 12 h light/dark cycle (lights on at 06:00
and oﬀ at 18:00), and animals were fed ad libitum with a regular diet
and allowed a free access to water. All experimental procedures were
performed in accordance with the guidelines of National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
International Association for the Study of Pain [27]. The animal protocols were approved by Tokushima University (T27-78, T29-57).
2.2. Infraorbital nerve constriction

2.5. Analysis of cytokine levels in TGs
After behavioral test training and baseline measuring, the rats underwent either infraorbital nerve constriction (IONC) or sham surgery
of the infraorbital branch of the trigeminal nerve (maxillary nerve). The
IONC surgery was performed intraorally as prescribed in previous studies [28,29]. The intraoral incision did not interfere with the tactile
behavior testing because the incision was not in the testing ﬁeld.
Brieﬂy, the rats were deeply anesthetized with medetomidine (Nippon
Zenyaku Kogyo Co., Ltd, Fukushima, Japan) 0.375 mg/kg, midazolam
(Sandoz K.K., Yamagata, Japan) 2 mg/kg and butorphanol (Meiji Seika
Pharma Co., Ltd., Tokyo, Japan) 2.5 mg/kg. An incision was made in
the hard palate and extended approximately 1 cm anteriorly toward the
maxillary incisors, parallel to the lip. The nerve was exposed and two
ligatures (4–0 silk suture) were tied loosely around the nerve. In the
sham surgery, the nerve was exposed but not ligated. The wounds were
adhered with mucosal adhesive (GLUture, World Precision Instruments,
FL, USA).

Cytokine levels in TGs were measured on days 1, 7 and 14 after the
IONC surgery. Lytic buﬀer was prepared using 80 μl distilled water,
10 μl RIPA buﬀer and 10 μl sodium dodecyl sulphate. Excised TGs were
washed in PBS, cut into small pieces, and homogenized in the lytic
buﬀer on ice. Lysed tissues in the buﬀer were incubated for 30 min to
1 h on ice, and centrifuged at 10,000 × g for 10 min at 4 °C to remove
cellular debris. The supernatant was collected and processed for cytokine measurement using Proteome Proﬁler Rat Cytokine Array Panel A
(R&D systems, Minneapolis, USA) following the manufacturer’s instructions. Brieﬂy, tissue lysates were diluted and mixed with a cocktail
of biotinylated antibodies. The samples/antibody mixture were incubated on a membrane with immobilized capture antibody (Rat
Cytokine Array Panel A [R&D systems]). Streptavidin-horseradish peroxidase and chemiluminescent detection reagents were used to generate a signal at each spot corresponding to the amount of cytokine
bound. The densitometric analysis of spots was performed using Chemi
Doc systems (BioRad, Osaka, Japan). Background staining and spot
sizes were analyzed and data from neuropathic pain TG tissue expressed
as fold changes over control TG tissue. Simultaneous detection of 29
diﬀerent rat cytokines and chemokines was achieved using the array
kit.

2.3. Measuring mechanical sensitivity of the whisker pad area
The rats were lightly anesthetized with isoﬂurane (2.5% inhalation),
and their hair was shaved from the bilateral orofacial region using
clippers, followed by depilatory cream application, 1 day before the
behavioral test [30,31]. Excess cream was washed oﬀ with water and
removed with a moistened paper towel to minimize skin irritation. The
rats had their snouts protruding from a holder (Durham Holders,
37100, Ugo Basile, Varese, Italy) that had a semicircular small hole
(diameter: 7 cm, height: 2 cm). They could withdraw their snouts freely
following application of mechanical stimuli applied to the whisker pad
skin using an electronic von Frey hair pressure transducer (Model
1601C, IITC Instruments, Woodland Hills, CA, USA). Force was applied
within the infraorbital nerve territory of the snout at the center of the
whisker pad (i.e. between rows B and C of the vibrissae) until the animal withdrew its head. Stimuli were alternated between the ipsilateral
and contralateral sides, with 1 min recovery between stimulations. The
force (g) applied at the time of withdrawal was recorded. Five data

2.6. Intra-TG administration of recombinant IL-10 and anti-CXCL2 to
IONC model
Intra-TG drug administration was performed as described by
Nuebert et al. [32], under deep anesthesia with i.p. medetomidine
0.375 mg/kg, midazolam 2 mg/kg and butorphanol 2.5 mg/kg. The
facial hair was shaved with clippers. IONC surgery was performed with
the same methods as previously written [28,29]. The injection needle
was positioned at 10° lateral to the midline of the head. The tip of the
needle was advanced approximately 22 mm along the infraorbital canal
and subsequently through the foramen rotundum. Recombinant IL-10
(0.4 μg/100 g) in PBS, anti-CXCL2 (66 μg/100 g) in PBS or only PBS
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(control) was injected into IONC side TG over 1 min (total volume was
18 μl), and the needle was slowly removed. The doses were decided in
the previous study [33,34]. The drugs were injected on days 1, 2 and 3
after IONC. The mechanical sensitivity of the whisker pad area was
measured before the surgery, after the IONC surgery, and after the injection of the drugs.

Table 1
Head withdrawal threshold.
Treatment

Time (days)
Pre

IONC
Sham surgery

116.9 (12.7)
110.9 (10.7)

1
47.2 (3.4)
65.3 (7.2)

7

14
**

43.4 (7.5)
116.7 (10.8)

48.2 (4.4)**
134.8 (16.1)

2.7. Statistical analysis
Head withdrawal thresholds (g) (mean (SEM)) to mechanical stimuli.
There are n = 5 in each group.
**
p < 0.01 in IONC vs sham surgeries.

Data are expressed as means ± standard errors. Statistical analyses
were performed using two-way analysis of variance (ANOVA) with repeated measures followed by Bonferroni’s multiple-comparison test
with software EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan). EZR is a graphical user interface for R (The R
Foundation for Statistical Computing, Vienna, Austria), and more precisely, is a modiﬁed version of R commander designed to add statistical
functions frequently used biostatistics. A value of p < 0.05 was deﬁned
as statistically signiﬁcant.

3.3. IONC induces diﬀerential regulation of cytokines in TG
We analyzed the levels of 29 cytokines. IONC increased the 15 cytokines by at least 1.5-fold on day 1 after the surgery and 12 cytokines
on day 14 after the surgery (Table 2). There were several types of expression patterns. Some cytokines (CXCL2, TNF-α, IL-1ra, IL-17, Il-3,
CINC-2α/β and IL-4) were increased on day 1 after IONC and decreased
by day 14 after the surgery. Another pattern type was increased levels
only on day 14 after the surgery (IL-10 and MIP-3α) (Table 2, Fig. 3).
Other cytokines showed high levels on days 1 and 14 after the surgery,
or no change on days 1 and 14 after the surgery.

3. Results
3.1. Pain behavior after IONC
Before IONC, baseline mechanical stimulation behavioral testing
was performed. Following IONC, the animals showed decreased withdrawal thresholds in the ipsilateral whisker pad area (Fig. 1, Table 1).
The baseline withdrawal threshold from the mechanical stimulation
was around 110 g before IONC surgery and the threshold of the ipsilateral side signiﬁcantly dropped to around 50 g after IONC surgery.
There were statistically signiﬁcant diﬀerences between IONC and sham
surgery sides on days 7 and 14 after surgery. Spontaneous pain behavior signs (scratching the face with the forepaw) were also observed.
IONC sham surgery (exposure of the intraorbital nerve without constriction) did not result in a lowering of the withdrawal threshold
(Fig. 1, Table 1).

3.4. Behavioral change after intra-TG administration of recombinant IL-10
and anti-CXCL2 to IONC rats
Injection of recombinant IL-10 or anti-CXCL2 increased the
threshold of tactile stimulation although the PBS injection did not increase the threshold (Fig. 4, Table 3). Pain was decreased by directly
administering these drugs to TG. After injecting recombinant IL-10, the
threshold was recovered and there was no statistical diﬀerence between
IL-10 injected side and sham surgery side on days 2, 4 and 7 after IONC
induction. After anti-CXCL2 injection, the threshold was recovered and
there was no statistical diﬀerence between anti-CXCL2 injected side and
sham surgery side on days 2 and 7 after IONC induction. There was
statistical diﬀerence between only PBS injection and recombinant IL-10
injection (days 2, 4 and 7) or anti-CXCL2 injection (day 7).

3.2. IONC induces glial cell activation
The number of GFAP positive SGC numbers detected by immune
histological assay were increased in the TG of IONC animals in comparison with sham surgery animals on days 1, 7 and 14 after surgery
(Fig. 2). In IONC animals, GFAP signals were higher in the ipsilateral
TG V2 area on days 1, 7 and 14 after surgery (Fig. 2). Whole ganglion
picture showed that glial cells in V2 and V1 area were excited. In sham
surgery animals, GFAP immunoreactivity showed no diﬀerence compared with baseline.

4. Discussion
The main ﬁndings of this study were: (1) the induction of a trigeminal neuropathic pain model (IONC) reduced pain threshold to
mechanical stimulation in orofacial region; (2) IONC induced SGC activation in TG; (3) cytokine levels of TGs were changed after IONC; (4)
diﬀerential regulation of cytokines in TG with an increase in pro-inﬂammatory chemokine CXCL2 levels during the initial phase of neuropathic pain induction followed by a gradual decrease, whereas an
increase in level of anti-inﬂammatory cytokine IL-10 towards the day
14 after IONC; and (5) in a therapeutic setting, recombinant IL-10 or
anti-CXCL2 injection into TG decreased pain behavior in IONC model
for several days.
It has been reported that peripheral nerve injury increases the excitation of primary sensory neurons and that this excitation is related to
animal pain behavior [35]. It has also been reported that neurotransmitter release is increased within the sensory ganglia after neuronal hyperexcitation [6–10]. This neurotransmitter release is decreased by the application of botulinum toxin directly into the sensory
ganglia accompanied with an alleviation in pain behavior [36].
Glial cell activation (assessed by GFAP staining) in TGs was observed after the induction of a neuropathic pain model in this study and
this result is similar to the ﬁndings of other groups [37–41]. Activated
SGCs increase mRNA expression of cytokines [18,19,42] and cytokine
release, and this is related to the chronic pain state [18,19]. Also, it has
been reported that stimulated SGCs release cytokines in vitro
[15,17,18,43,44]. Temporomandibular joint inﬂammation also

Fig. 1. Pain model with infraorbital branch of the trigeminal nerve chronic
constriction injury. Head withdrawal thresholds (mean ± SEM) to mechanical
stimuli on the ipsilateral side are signiﬁcantly decreased compared with the
contralateral sham surgery on days 7 and 14 after IONC surgery. **: p < 0.01
by two-way ANOVA with repeated measures followed by Bonferroni’s multiplecomparison test. There are n = 5 in each group.
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Fig. 2. GFAP staining of satellite glial cells in trigeminal ganglia. Numbers of GFAP positive satellite glial cells were increased in the ipsilateral TG of IONC animals
on days 1, 7 and 14 after the surgery compared with in sham surgery animals. Green shows GFAP and blue shows DAPI. A, B: Low magniﬁcation view of TG on day
14. V1-V3 shows the branch of the trigeminal nerve. The scale bar shows 500 μm. C-H: Higher magniﬁcation view in ipsilateral TG V2 area (C-E) and sham surgery
TG V2 area (F-H). The arrow heads show the samples of the neurons surrounding GFAP positive SGC. The scale bar shows 50 μm.

sensitization. It is also reported that a complex network of pro- and antiinﬂammatory molecules plays a role in the communication between
neurons and SGCs within the TG, and is crucially involved in the development of TG sensitization [46].
It has been shown that receptors of IL-10 and CXCL2 are expressed
in rat DRG neurons, and are associated with the chronic pain state

increases cytokines in TG [45]. In our study, TG cytokine levels were
altered after induction of a trigeminal neuropathic pain model. We
should consider the other immune cells increased the release of cytokines and this is the future study topic. Evidence from our study and
previous studies, indicates that the cytokine release or expression in TG
has diﬀerent eﬀects on nociception due to peripheral and central
135
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Table 2
Cytokine array in trigeminal ganglia after infraorbital branch of the trigeminal
nerve chronic constriction injury.
Rat cytokine antibody array

Day 1

CXCL2 (CINC-3)
TNF-α
IL-1ra
IL-17
IL-3
CINC-2α/β
LIX
IL-2
MIG/CXCL9
GM-CSF
FRACTALKALINE
IP-10/CXCL10
IL-4
IL-6
TIMP-1
VEGF/VEGF-A/Vasculotropin
IL-1α
RANTES/CCL5
CNTF
MIP-1α/CCL-3
IL-1β
L-SELECTIN/CD62 L/LECAM-1
sICAM-1
IL-13
CINC-1
MIP-3α/CCL20
THYMUS CHEMOKINE/CXCL7
IFN-ϒ
IL-10

2.44
2.25
1.97
1.94
1.93
1.90
1.85
1.82
1.73
1.73
1.72
1.64
1.54
1.53
1.52
1.48
1.45
1.45
1.38
1.36
1.32
1.30
1.27
1.25
1.10
1.09
1.08
0.57
0.14

Day 7
Fold change
0.53
2.06
0.69
0.68
0.56
0.81
0.70
0.69
0.43
0.91
0.54
0.79
0.66
0.54
1.58
0.81
0.88
0.87
0.99
0.52
0.49
0.76
1.07
0.62
1.07
0.73
1.04
1.02
0.70

Day 14

0.27
0.02
1.21
0.87
0.94
0.21
1.78
2.17
2.39
2.39
1.71
0.66
0.91
2.41
1.03
1.47
1.63
1.28
1.45
2.41
1.63
1.74
1.06
1.24
0.69
1.81
1.22
0.79
2.47

The data are represented IONC / Sham ganglia. CXCL2 (CINC-3), TNF-α, IL-1ra,
Il-17, IL-3, CINC-2α/β and IL-4 were increased on day 1 after IONC and decreased on day 14 after the surgery. The other type was increased on day 14
after the surgery (IL-10 and, MIP-3α). Other cytokines showed high level on
days 1 and 14 after the surgery, or non-increased level on days 1 and 14 after
the surgery.

Fig. 4. Behavioral changes after intra-TG administration of recombinant IL-10,
anti-CXCL2 or PBS to IONC rats. A: Injection of recombinant IL-10 increased the
threshold of tactile stimulation. There was no statistical diﬀerence between IL10 injected side and sham surgery side on days 2, 4 and 7 after the induction of
IONC. There was statistical diﬀerence between only PBS injection and recombinant IL-10 injection on days 2, 4 and 7 after IONC induction. B: Injection
of anti-CXCL2 increased the threshold of tactile stimulation slightly. There was
no statistical diﬀerence between ant-CXCL2 injected side and sham surgery side
on days 2 and 7 after the IONC induction. There was statistical diﬀerence between only PBS injection and anti-CXCL2 injection on day 7 after IONC induction. C: Injection of only PBS did not increase the threshold of tactile stimulation. There was statistical diﬀerence between PBS injected side and sham
surgery side on days 2, 4, 7 and 14 after the IONC. The statistical analysis was
done with two-way ANOVA with repeated measures followed by Bonferroni’s
multiple-comparison test. The data are shown with means ± SEM. * ;
p < 0.05, ** ; p < 0.01 in drug injection side vs sham surgery side. † ;
p < 0.05, †† ; p < 0.01 in drug injection vs PBS injection. There were n = 6 in
each group.

Fig. 3. The data are represented IONC / sham ganglia. CXCL2 was increased on
day 1 after IONC and decreased on day 14 after the surgery. IL-10 was increased
on day 14 after the surgery. There is n = 1 in each group.

[47,48]. Additionally, SGC activation has been reported to modulate
the excitability of small-diameter TG neurons through IL1-β [16]. In our
study, TG cytokine levels were changed after IONC. The pro-inﬂammatory chemokine CXCL2 was increased just after the nerve injury
and decreased gradually. Conversely, the anti-inﬂammatory cytokine
IL-10 increased gradually. Based on these ﬁndings, in a therapeutic
setting the intraganglionar administration of IL-10 and anti-CXCL2 resulted in alleviation of pain symptoms in an IONC induced orofacial

pain model. Cytokines are considered as novel neuromodulators and
using them therapeutically can be considered as novel therapy. The
present study did not probe into the source of these cytokines at different time point from diﬀerent cells including non-neuronal cells and
immune cells. In addition, the involvement of various receptors including CXCL2 and IL-10 and change in there expression pattern
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Table 3
Head withdrawal threshold.
Treatment

Time (days)
Pre

rIL-10
Sham surgery
Anti-CXCL2
Sham surgery
PBS
Sham surgery

180.7
184.1
177.6
165.0
133.7
134.7

(14.2)
(26.8)
(17.4)
(8.0)
(12.5)
(13.5)

1
55.0
66.3
52.2
67.2
69.5
70.3

(7.0)
(5.5)
(4.5)
(10.6)
(5.6)
(13.6)

2

4

105.5 (17.0)
141.4 (14.3)
77.5 (11.0)
107.9 (1.6)
50.8 (9.4)*
105.1 (13.3)

†

7
††

148.8 (18.6)
166.6 (14.5)
89.7 (8.0)*
142.8 (11.9)
58.6 (11.1)**
123.2 (17.5)

14
††

144.7 (15.3)
158.9 (16.6)
105.7 (14.9)††
149.1 (10.1)
43.3 (4.9)**
133.7 (9.7)

89.7 (12.9)**
186.9 (22.5)
61.8 (6.1)**
184.4 (11.2)
47.5 (7.1)**
179.3 (21.3)

Head withdrawal thresholds (g) (mean (SEM)) to mechanical stimuli.
There were n = 6 in each group.
*
p < 0.05, **p < 0.01 in drug injection side vs sham surgery side.
†
p < 0.05, ††p < 0.01 in drug injection vs PBS injection.

following IONC and intraganglionar injection needs to be ascertained in
future.

[11]

5. Conclusion

[12]

We found that IONC induced animal pain behavior, induced SGC
activation in TG, changed TG cytokine levels, and increased CXCL2
levels on day 1, after which they decreased gradually. IL-10 levels
showed the opposite trend and recombinant IL-10 or anti-CXCL2 injection into TG decreased pain behavior. Our results show that IL-10
and anti-CXCL2 are therapy options for neuropathic pain.

[13]

[14]

[15]

Declaration of interest

[16]

None.
[17]

Funding
This work was supported by the Ministry of Education Culture,
Sports, Science and Technology of Japan (Nos. 26293412, 18H02992).
[18]

Acknowledgements
[19]

We appreciate Dr. Naozumi Ishimaru to give us great discussion to
write this manuscript. Wendy Brooks, PhD, from Edanz Group (www.
edanzediting.com/ac) provided English language editing services for a
draft of this manuscript.

[20]

[21]

References
[22]
[1] F. Ma, L. Zhang, H.S. Oz, M. Mashni, K.N. Westlund, Dysregulated TNFα promotes
cytokine proteome proﬁle increases and bilateral orofacial hypersensitivity,
Neuroscience. 300 (2015) 493–507.
[2] M.M. Bird, A.R. Lieberman, Microtubule fascicles in the stem processes of cultured
sensory ganglion cells, Cell Tissue Res. 169 (1976) 41–47.
[3] R. Bunge, L. Glaser, M. Lieberman, D. Raben, J. Salzer, B. Whittenberger,
T. Woolsey, Growth control by cell to cell contact, J. Supramol. Struct. 11 (1979)
175–187.
[4] R. Amir, M. Devor, Functional cross-excitation between aﬀerent A- and C-neurons
in dorsal root ganglia, Neuroscience 95 (1999) 189–195.
[5] R. Amir, M. Devor, Chemically mediated cross-excitation in rat dorsal root ganglia,
J. Neurosci. 16 (1996) 4733–4741.
[6] L. Huang, E. Neher, Ca2+-dependent exocytosis in the somata of dorsal root
ganglion neurons, Neuron 17 (1996) 135–145.
[7] J.K. Neubert, N.T. Maidment, Y. Matsuka, D.W. Adelson, L. Kruger, I. Spigelman,
Inﬂammation-induced changes in primary aﬀerent-evoked release of substance P
within trigeminal ganglia in vivo, Brain Res. 871 (2000) 181–191.
[8] Y. Matsuka, J.K. Neubert, N.T. Maidment, I. Spigelman, Concurrent release of ATP
and substance P within guinea pig trigeminal ganglia in vivo, Brain Res. 915 (2001)
248–255.
[9] Y.M. Ulrich-Lai, C.M. Flores, C.A. Harding-Rose, H.E. Goodis, K.M. Hargreaves,
Capsaicin-evoked release of immunoreactive calcitonin gene-related peptide from
rat trigeminal ganglion: evidence for intraganglionic neurotransmission, Pain 91
(2001) 219–226.
[10] Y. Matsuka, B. Edmonds, S. Mitrirattanakul, F.E. Schweizer, I. Spigelman, Two types

[23]

[24]

[25]
[26]

[27]
[28]

[29]

[30]

[31]

137

of neurotransmitter release patterns in isolectin B4-positive and negative trigeminal
ganglion neurons, Neuroscience 144 (2007) 665–674.
O.A. Krishtal, S.M. Marchenkom, V.I. Pidoplichko, Receptor for ATP in the membrane of mammalian sensory neurons, Neurosci. Lett. 35 (1983) 41–45.
I. Spigelman, E. Puil, Excitatory responses of trigeminal neurons to substance P
suggest involvement in sensory transmission, J. Physiol. Pharmacol. 66 (1988)
845–848.
Y. Matsuka, T. Ono, H. Iwase, S. Mitrirattanakul, K.S. Omoto, T. Cho, Y.Y. Lam,
B. Snyder, I. Spigelman, Altered ATP release and metabolism in dorsal root ganglia
of neuropathic rats, Mol. Pain 4 (2008) 66–78.
A. Capuano, A. De Corato, L. Lisi, G. Tringali, P. Navarra, C. Dello Russo,
Proinﬂammatory-activated trigeminal satellite cells promote neuronal sensitization:
relevance for migraine pathology, Mol. Pain 5 (2009) 43–55.
J.N. Poulsen, F. Larsen, M. Duroux, P. Gazerani, Primary culture of trigeminal satellite glial cells: a cell-based platform to study morphology and function of peripheral glia, Int. J. Physiol. Pathophysiol. Pharmacol. 6 (2014) 1–12.
M. Takeda, T. Tanimoto, J. Kadoi, M. Nasu, M. Takahashi, J. Kitagawa,
S. Matsumoto, Enhanced excitability of nociceptive trigeminal ganglion neurons by
satellite glial cytokine following peripheral inﬂammation, Pain 129 (2007)
155–166.
S. Ceruti, G. Villa, M. Fumagalli, L. Colombo, G. Magni, M. Zanardelli, E. Fabbretti,
C. Verderio, A.M. van den Maagdenberg, A. Nistri, M.P. Abbracchio, Calcitonin
gene-related peptide-mediated enhancement of purinergic neuron/glia communication by the algogenic factor bradykinin in mouse trigeminal ganglia from wildtype and R192Q Cav2.1 knock-in mice: implications for basic mechanisms of migraine pain, J. Neurosci. 31 (2011) 3638–3649.
S. Thalakoti, V.V. Patil, S. Damodaram, C.V. Vause, L.E. Langford, S.E. Freeman,
P.L. Durham, Neuron-glia signaling in trigeminal ganglion: implications for migraine pathology, Headache 47 (2007) 1008–1023.
N. Uceyler, A. Tscharke, C. Sommer, Early cytokine expression in mouse sciatic
nerve after chronic constriction nerve injury depends on calpain, Brain Behav.
Immun. 21 (2007) 553–560.
S.D. Wolpe, B. Sherry, D. Juers, G. Davatelis, R.W. Yurt, A. Cerami, Identiﬁcation
and characterization of macrophage inﬂammatory protein 2, Proc. Natl. Acad. Sci.
86 (1989) 612–616.
N. Iida, G.R. Grotendorst, Cloning and sequencing of a new gro transcript from
activated human monocytes: expression in leukocytes and wound tissue, Mol. Cell.
Biol. 10 (1990) 5596–5599.
L.M. Pelus, S. Fukuda, Peripheral blood stem cell mobilization: the CXCR2 ligand
GRObeta rapidly mobilizes hematopoietic stem cells with enhanced engraftment
properties, Exp. Hematol. 34 (2006) 1010–1020.
N. Kiguchi, Y. Kobayashi, T. Maeda, Y. Fukazawa, K. Tohya, M. Kimura, S. Kishioka,
Epigenetic augmentation of the macrophage inﬂammatory protein 2/C-X-C chemokine receptor type 2 axis through histone H3 acetylation in injured peripheral
nerves elicits neuropathic pain, J. Pharmacol. Exp. Ther. 340 (2012) 577–587.
R. de Waal Malefyt, J. Abrams, B. Bennett, C.G. Figdor, J.E. de Vries, Interleukin
10(IL-10) inhibits cytokine synthesis by human monocytes: an autoregulatory role
of IL-10 produced by monocytes, J. Exp. Med. 174 (1991) 1209–1220.
M. Howard, A. O’Garra, H. Ishida, R. de Waal Malefyt, J. de Vries, Biological
properties of interleukin 10, J. Clin. Immunol. 12 (1992) 239–247.
J. Khan, K. Ramadan, O. Korczeniewska, M.M. Anwer, R. Benoliel, E. Eliav,
Interleukin-10 levels in rat models of nerve damage and neuropathic pain, Neurosci.
Lett. 592 (2015) 99–106.
M. Zimmermann, Ethical guidelines for investigations of experimental pain in
conscious animals, Pain 16 (1983) 109–110.
Y. Imamura, H. Kawamoto, O. Nakanishi, Characterization of heat-hyperalgesia in
an experimental trigeminal neuropathy in rats, Experiment. Brain Res. 116 (1997)
97–103.
H.L. Rossi, A.C. Jenkins, J. Kaufman, I. Bhattacharyya, R.M. Caudle, J.K. Neubert,
Characterization of bilateral trigeminal constriction injury using an operant facial
pain assay, Neurosci. 224 (2012) 294–306.
J.K. Neubert, C.G. Widmer, W. Malphurs, H.L. Rossi, J.C.J. Vierck, R.M. Caudle, Use
of a novel thermal operant behavioral assay for characterization of orofacial pain
sensitivity, Pain 116 (2005) 386–395.
Y. Kitamura, Y. Matsuka, I. Spigelman, Y. Ishihara, Y. Yamamoto, W. Sonoyama,

Neuroscience Letters 703 (2019) 132–138

T. Iwasa, et al.

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40] M. Donegan, M. Kernisant, C. Cua, L. Jasmin, P.T. Ohara, Satellite glial cell proliferation in the trigeminal ganglia after chronic constriction injury of the infraorbital nerve, Glia 61 (2013) 2000–2008.
[41] S. Matsuura, K. Shimizu, M. Shinoda, K. Ohara, B. Ogiso, K. Honda, A. Katagiri,
B.J. Sessle, K. Urata, K. Iwata, Mechanisms underlying ectopic persistent tooth-pulp
pain following pulpal inﬂammation, PLoS One 8 (2013) e52840–e52845.
[42] S. Ohtori, K. Takahashi, H. Moriya, R.R. Myers, TNF-alpha and TNF-alpha receptor
type 1 upregulation in glia and neurons after peripheral nerve injury: studies in
murine DRG and spinal cord, Spine 29 (2004) 1082–1088.
[43] C.V. Vause, P.L. Durham, Identiﬁcation of cytokines and signaling proteins diﬀerentially regulated by sumatriptan/naproxen, Headache 52 (2012) 80–89.
[44] C.V. Vause, P.L. Durham, Calcitonin gene-related peptide diﬀerentially regulates
gene and protein expression in trigeminal glia cells: ﬁndings from array analysis,
Neurosci. Lett. 473 (2010) 163–167.
[45] Z.L. Durham, J.L. Hawkins, P.L. Durham, Tumor necrosis factor-Alpha stimulates
cytokine expression and transient sensitization of trigeminal nociceptive neurons,
Arch. Oral Biol. 75 (2017) 100–106.
[46] M. Hanani, E. Blum, S. Liu, L. Peng, S. Liang, Satellite glial cells in dorsal root
ganglia are activated in streptozotocin-treated rodents, J. Cell. Molecul. Med. 18
(2014) 2367–2371.
[47] K.F. Shen, H.Q. Zhu, W.H. Wei, J. Wang, Y.Y. Li, R.P. Pang, X.G. Liu, Interleukin-10
down-regulates voltage gated sodium channels in rat dorsal root ganglion neurons,
Exp. Neurol. 247 (2013) 466–475.
[48] A.F. Deftu, A. Filippi, K. Shibsaki, R.O. Gheorghe, M. Chiritoiu, V. Ristoiu,
Chemokine (C-X-C motif) ligand 1 (CXCL1) and chemokine (C-X-C motif) ligand 2
(CXCL2) modulate the activity of TRPV1+/IB4+ cultured rat dorsal root ganglia
neurons upon short-term and acute application, J. Physiol. Pharmacol. 68 (2017)
385–395.

H. Kamioka, T. Yamashiro, T. Kuboki, K. Oguma, Botulinum toxin type a (150 kDa)
decreases exaggerated neurotransmitter release from trigeminal ganglion neurons
and relieves neuropathy behaviors induced by infraorbital nerve constriction,
Neuroscience 159 (2009) 1422–1429.
J.K. Neubert, A.J. Mannes, J. Keller, M. Wexel, M.J. Iadarola, R.M. Caudle,
Peripheral targeting of the trigeminal ganglion via the infraorbital foramen as a
therapeutic strategy, Brain Res. Protoc. 15 (2005) 119–126.
H.L. Rittner, S.A. Mousa, D. Labuz, K. Beschmann, M. Schäfer, C. Stein, A. Brack,
Selective local PMN recruitment by CXCL1 or CXCL2/3 injection does not cause
inﬂammatory pain, J. Leukoc. Biol. 79 (2006) 1022–1032.
K. Shimizu, W. Guo, H. Wang, S. Zou, S.C. LaGraize, K. Iwata, F. Wei, R. Dubner,
K. Ren, Diﬀerential involvement of trigeminal transition zone and laminated subnucleus caudalis in orofacial deep and cutaneous hyperalgesia: the eﬀects of interleukin-10 and glial inhibitors, Mol. Pain 5 (2009) 75–92.
A.I. Basbaum, D.M. Bautista, G. Scherrer, D. Julius, Cellular and molecular mechanisms of pain, Cell 139 (2009) 267–284.
K. Omoto, K. Maruhama, R. Terayama, Y. Yamamoto, O. Matsushita, T. Sugimoto,
K. Oguma, Y. Matsuka, Cross-excitation in peripheral sensory ganglia associated
with pain transmission, Toxins 7 (2015) 2906–2917.
J.P. Vit, L. Jasmin, A. Bhargava, P.T. Ohara, Satellite glial cells in the trigeminal
ganglion as a determinant of orofacial neuropathic pain, Neuron Glia Biol. 2 (2006)
247–257.
W. Xie, J.A. Strong, J.M. Zhang, Early blockade of injured primary sensory aﬀerents
reduces glial cell activation in two rat neuropathic pain models, Neurosci. 160
(2009) 847–857.
A. Katagiri, M. Shinoda, K. Honda, A. Toyofuku, B.J. Sessle, K. Iwata, Satellite glial
cell P2Y12 receptor in the trigeminal ganglion is involved in lingual neuropathic
pain mechanisms in rats, Mol. Pain 8 (2012) 23–36.

138

