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Anesthetic isoflurane reduces neuropathic pain by
inhibiting IL-1B-induced COX-2 activation and
CCL2 release in rat trigeminal ganglia cells
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Abstract: Inflammatory mediators play key roles in neuropathic pain of the trigeminal system. Anesthetic isoflurane
(ISO) possesses anti-inflammatory activity. However, the inhibitory effects of ISO on inflammation-triggered neuro-
pathic pain are unclear. In this study, we investigated the effects of 1.4% ISO on neuropathic pain in interleukin-
1B (IL-1B)-challenged primary rat trigeminal ganglia cells (TGCs). Here, we found that ISO reduced the mRNA and
protein levels of cyclooxygenase-2 (COX-2) and C-C motif ligand 2 (CCL2) in IL-1B-stimulated TGCs, as determined
by quantitative real-time PCR and Western blot, respectively. Enzyme-linked immunosorbent assays showed that
IL-1B-induced prostaglandin E, (PGE,), CCL2, and calcitonin gene-related peptide (CGRP) release from TGCs was
significantly inhibited by ISO treatment. Pretreatment with a selective inhibitor of COX-2 (parecoxib) notably attenu-
ated IL-1B-induced PGE, and CGRP release in TGCs. Pretreatment with an inhibitor of CCL2 synthesis (bindarit) also
reduced CGRP release in IL-1B-challenged TGCs. Collectively, ISO ameliorates neuropathic pain through reduction

of CGRP release by inhibiting COX-2 activity and CCL2 production in IL-1B-treated TGCs.
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Introduction

Neuropathic pain such as migraine is one of the
most devastating kinds of chronic pain and is
caused by a lesion or disease of the somato-
sensory system [1]. In migraine, trigeminal gan-
glia play a pivotal role in pain initiation and
maintenance [2]. In the trigeminal system,
inflammatory mediators and neuropeptides are
key players in the pathophysiology of migraine
[3]. Despite great improvements for neuropath-
ic pain, current treatment strategies are still
unsatisfied. Therefore, searching a novel thera-
py for neuropathic pain is critically important
and urgently needed.

Pro-inflammatory cytokines and chemokines
such as interleukin (IL)-1p, IL-6, tumor necrosis
factor-a (TNF-a), and C-C motif ligand 2 (CCL2)
are involved in the development of neuropathic
pain [4, 5]. IL-1p3 and TNF-« levels are elevated
in the jugular vein during migraine attacks [6].
CCL2 production is highly increased in a neuro-

pathic pain model [7]. Cyclooxygenases (COXs)
are also important peripheral mediators of
inflammation and pain. The non-selective and
selective inhibitors of COX-2 can alleviate
migraine attacks [8, 9]. Calcitonin gene-related
peptide (CGRP), a member of the calcitonin
family of peptides, is widely distributed in the
peripheral and central nervous systems. CGRP
is thought to be the main neuromediator of
trigeminal signaling, specifically in headache
[10]. In particular, IL-1B stimulation leads to
increased CGRP synthesis and release in rat tri-
geminal ganglia cells (TGCs) [11], indicating a
link between inflammatory mediators and CGRP
release in neuropathic pain.

Isoflurane (ISO) is a widely used inhaled anes-
thetic with anti-inflammatory activity [12]. Pre-
vious studies demonstrated that ISO treatment
significantly ameliorates zymosan-induced in-
flammatory responses in murine Kupffer cells
by inhibiting COX-2/prostaglandin E, (PGE,) syn-
thesis, and pro-inflammatory cytokine and che-


http://www.ijcem.com

Isoflurane reduces inflammation-induced neuropathic pain

mokine release [13]. However, whether ISO
ameliorates inflammation-elicited neuropathic
pain in rat TGCs remains unknown.

In this study, we evaluated the effects of I1ISO
(1.4%) on neuropathic pain in IL-1B-stimulated
primary rat TGCs. We found that ISO treatment
reduced the mRNA and protein levels of COX-2
and CCL2 in TGCs with IL-1B stimulation. PGE,,
CCL2, and CGRP production in IL-1B-treated
TGCs was significantly inhibited by ISO adminis-
tration. In addition, IL-1B-induced CGRP release
was hindered by a selective inhibitor of COX-2
activation (parecoxib) or CCL2 synthesis (bin-
darit) in TGCs. Overall, these results suggested
that ISO alleviated neuropathic pain through
reduction of CGRP release by inhibiting IL-13-
induced COX-2 activation and CCL2 synthesis
in TGCs.

Materials and methods
Reagents

ISO was obtained from Baxter (Baxter Health-
care Corporation, Deerfield, IL, USA). Recom-
binant rat IL-1B (R&D Systems, Minneapolis,
MN, USA) was dissolved in sterile phosphate-
buffered saline (PBS, 0.1 M). All reagents for
cell culture were purchased from Gibco BRL
(Grand Island, NY, USA). Rabbit anti-rat COX-2,
CCL2, and B-actin polyclonal antibodies were
purchased from Abcam (Cambridge, UK). Hor-
seradish peroxidase-conjugated anti-rabbit IgG
was obtained from Chemicon (Temecula, CA,
USA). A selective inhibitor of COX-2 (Parecoxib)
and an inhibitor of CCL2 synthesis (bindarit)
were purchased from Pfizer Pharmaceuticals,
Inc. (Groton, CT, USA) and Nanjing Chemlin
Chemical Industry Co. (Nanjing, Jiangsu, China),
respectively. Other reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise stated.

Animals

Three-day-old male Wister rats were purchased
from Laboratory Animal Center of Henan Pro-
vince (Zhengzhou, Henan, China). All animals
were kept under standard laboratory condi-
tions and maintained at 22-24°C with a regular
12 h/12 h day/night cycle and food and water
ad libitum. The animal procedures were
approved by the Ethics Committee for Animal
Experimentation of Zhengzhou University and
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in accordance with the guideline for the Care
and Use of Laboratory Animals by the National
Institutes of Health (Bethesda, MD, USA). For
primary cell isolation, rats were sacrificed
under anesthesia with chloral hydrate, and all
efforts were exerted to minimize suffering.

TGC isolation and culture

TGC isolation and culture were performed as
previously described [14], with slight modifica-
tions. In brief, trigeminal ganglia were asepti-
cally dissected from the 3-day-old rats. The
cells were incubated in dissociation medium
[Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum, 10 mM HEPES, 44 mM glu-
cose, streptomycin (10 pg/mL), penicillin (10 U/
mL), 2 mM glutamine, and 100 IE insulin/L]
containing collagenase/dispase (100 mg/mL)
at 37°C for 90 min. The cells were then rinsed
twice with PBS (0.1 M) and incubated again
with trypsin/EDTA for 30 min. Subsequently,
the cells were rinsed twice with PBS and once
with dissociation medium, dissociated using
Pasteur pipette, and pelleted through centrifu-
gation at 2,000 xg at 20°C for 3 min. After sus-
pension in starter medium with 1% penicillin/
streptomycin, 0.25% L-glutamine, 2% B27-
supplement, 25 mM glutamate, 2.5 mM calci-
um chloride, and 100 ng/mL NGF-(, the cells
were seeded in 24-well plates and filled with
500 mL of starter medium at a density of 0.5 x
10® cells/cm?. The cells were fed with neuro-
basal medium + B27 medium every 2nd day by
replacing 50% of the medium at 37°C and 5%
CO, for 6 days.

Experimental protocols

The TGCs were seeded on six-well plates, incu-
bated overnight, and then subjected to IL-13
(10 ng/mL) or vehicle (0.1 M PBS) treatment for
0.5 h. Subsequently, the cells were exposed to
ISO for 0.5 hat 2 L/min in a metabolic chamber
(Columbus Instruments, Columbus, OH, USA).
During ISO exposure, the ISO concentration
was continuously verified by sampling the
exhaust gas with a Datex Capnomac (SOMA
Technology Inc., Cheshire, CT, USA). The cells
were continuously subjected to IL-13 or PBS
treatment for the indicated time points. The
cells exposed to room air were used as control.
To investigate the inhibitory effects of parecox-
ib or bindarit, the TGCs were pretreated with or
without parecoxib (10 nM) or bindarit (300 pM)
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for 15 min, washed out, and treated with IL-13
or PBS for the indicated time periods.

3-(4,5-di-methylthi-azol-2-yl)-2,5-diPhentetrazo-
lium bromide (MTT) assay

Cell viability was measured using MTT assay.
TGCs (5 x 10° cells/well) were seeded on
96-well plates and treated with different con-
centrations of ISO (0.7%, 1.4%, and 2.1%) for
24 h. Then, 0.5 mg/mL of MTT was added to
each well and incubated at 37°C for 4 h. The
supernatants were removed, and 150 mL of
dimethyl sulfoxide was added to each well. The
absorbance at 490 nm was determined using
a microplate reader (Bio-Tek instruments Inc.,
Winooski, VT, USA). The experiments were run
in triplicates.

Lactate dehydrogenase assay

The 1SO toxicity on TGCs was measured by
using a Thermo Scientific Pierce Lactate
Dehydrogenase (LDH) Cytotoxicity Assay Kit
(Thermo Scientific, Rockford, IL, USA), in accor-
dance with the manufacturer’s instructions.
The assays were performed after 6-day culture
to evaluate the membrane integrity of the
cells, and data were recorded at a wavelength
of 490 and 680 nm using a microplate reader
(Bio-Tek).

Quantitative real-time polymerase chain reac-
tion (qPCR)

After 3 h of IL-1B (10 ng/mL) or PBS (0.1 M)
stimulation, the total RNA from the TGCs was
extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), according to the manufac-
turer’s instructions. cDNA was generated using
SuperScript Reverse Transcriptase kit (Invitro-
gen). qPCR was performed with iQ5 Real-Time
PCR Detection System (Bio-Rad, Hercules, CA,
USA). PCR-specific amplification was assessed
using SYBR Premix Ex Taq™ (TaKaRa, Otsu,
Shiga, Japan). The relative mRNA levels of
COX2 and CCL2 were calculated using the
284¢t method. Glycerinaldehyd-3-phosphat-de-
hydrogenase (GAPDH) was used as endoge-
nous control. The primers used for PCR amplifi-
cation in this study were as follows: for COX-
2, forward 5-TGATCGAAGACTACGTGCAACAC-3’
and reverse 5-CAGCA ATC TGTCTGG TGAATG-
AC-3’; for CCL2, forward 5-CCAGCACCAGCAC-
CAG CCAA-3’ and reverse 5-TGGATGCTCCAG-
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CCGGCAAC-3’; and for GAPDH, forward 5'-
AGATT GGCAATGCATGC-3" and reverse 5-CC-
TTCTTGATGTCAT CATACTTGG-3'.

Western blot analysis

At 6 h after IL-1 or PBS incubation, the TGCs
were lysed in lysing buffer (Beyotime, Haimen,
Jiangsu, China). The proteins were separated
through sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred onto nitro-
cellulose membranes (Millipore, Bedford, MA,
USA). The membranes were incubated with
primary antibodies targeting COX-2, CCL2,
and B-actin overnight at 4°C, followed by horse-
radish peroxidase-conjugated secondary anti-
body. Protein expression was detected using
an enhanced chemiluminescence assay kit
(Pierce, Rockford, IL, USA). Protein band inten-
sities were quantified using Quantity One soft-
ware (Bio-Rad, USA).

Enzyme-linked immunosorbent assay (ELISA)

At the indicated time points, the PGE,, CCL2,
and CGRP levels in the supernatants of the
TGCs with different treatments were measured
using commercially available ELISA kits from
R&D Systems Inc. (Minneapolis, MN, USA),
according to the manufacturers’ instructions.
The PGE,, CCL2, and CGRP release was deter-
mined in pg/mL. All experiments were conduct-
ed in triplicates.

Statistical analysis

All data were expressed as means + SD.
Intergroup differences were determined by
Student’s two-tailed unpaired t-test or one-way
ANOVA analysis, followed by Dunnett's post
hoc test as appropriate. All analyses were per-
formed by the statistical analysis software
SPSS 16.0 (SPSS Inc. Chicago, IL, USA). P <
0.05 or P < 0.01 was considered statistically
significant.

Results
Toxic effect of ISO on TGCs

MTT and LDH assays were performed to inves-
tigate the toxic effect of ISO on TGCs. As shown
in Figure 1A, the two lower concentrations
(0.7% and 1.4%) of ISO treatment had no signifi-
cant effects on cell viability compared with the
control group. However, the higher ISO concen-
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Figure 1. Effects of ISO on the viability and LDH release of TGCs. The cells were treated with different concentrations
of ISO (0, 0.7%, 1.4%, and 2.1%) for 24 h. A. Cell viability was measured using MTT assay. B. LDH release was evalu-
ated. Data are expressed as means * SD. *P < 0.05 versus (Vs.) Ctrl group. ISO: isoflurane; Ctrl: control.
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Figure 2. ISO inhibited IL-1B-induced COX-2 and CCL2 mRNA expression in TGCs. 3 h after IL-18 stimulation, COX-2
and CCL2 mRNA levels of TGCs were assessed. (A and B) gPCR was conducted to evaluate COX-2 (A) and CCL2 (B)
mRNA expression levels. GAPDH was used as the endogenous control. Data are expressed as means + SD. *P <
0.05 Vs. Veh groups; #P < 0.05 Vs. IL-1B + RA group. ISO: isoflurane; Veh: vehicle; RA: room air.

tration (2.1%) significantly reduced cell viability
(P < 0.05). The toxicity of 2.1% ISO to TGCs was
also confirmed by LDH assay (Figure 1B, P <
0.05). These results showed that 2.1% ISO con-
ferred toxicity to TGCs. Thus, 1.4% ISO was
selected for the subsequent experiments.

mMRNA and protein expressions of COX-2 and
CCL2 were downregulated by ISO treatment in
IL-1B-stimulated TGCs

IL-1B-treated TGCs exhibited a robust increase
in COX-2 mRNA level compared with the vehicle
control (Figure 2A, P < 0.05). Similarly, the
MRNA expression of CCL2 in the TGCs was ele-
vated by IL-1 stimulation (Figure 2B, P < 0.05).
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By contrast, ISO treatment remarkably reduced
the increase in the mRNA levels of COX-2 and
CCL2 (Figure 2A and 2B, P < 0.05). Consistently,
the increased protein levels of COX-2 and
CCL2 in IL-1B-treated TGCs were substantially
reduced by ISO administration (Figure 3A and
3B, P < 0.05). These data suggested that ISO
reduced IL-1B-increased mRNA and protein lev-
els of COX-2 and CCL2 in TGCs.

ISO reduced IL-1B-induced PGE,, CCL2, and
CGPR production in TGCs

ELISA results showed that the PGE2 level in the

supernatant of IL-1B-treated TGCs was strongly
elevated compared with the vehicle control

Int J Clin Exp Med 2016;9(6):10229-10237
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Figure 3. ISO reduced IL-1B-enhanced COX-2 and CCL2 protein expression in TGCs. 6 h after IL-1 stimulation,
western blot was performed to analyze COX-2 and CCL2 protein levels in TGCs. (A) Representative images of COX-2
and CCL2 protein expressions. (B) The relative protein expressions of COX-2 and CCL2 in (A) were quantified and
normalized to B-actin intensities. Data are expressed as means + SD. *P < 0.05 Vs. Veh groups; *P < 0.05 Vs. IL-1
+ RA group. ISO: isoflurane; Veh: vehicle; RA: room air.
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Figure 4. ISO inhibited PGE,, CCL2, and CGRP
release in IL-1B-challenged TGCs. (A and B) ELI-
SAs were performed to assess PGE, and CCL2
release in TGCs after 6 h of IL-1p stimulation.
PGE, (A) and CCL2 (B) levels in the supernatant of
TGCs. (C) CGRP release was measured in TGCs at
24 h after IL-1B stimulation. Data are expressed
as means = SD. *P < 0.05, **P < 0.01 Vs. Veh
groups; P < 0.05 Vs. IL-1B3 + RA group. ISO: isoflu-
rane; Veh: vehicle; RA: room air.

cCL-2 (pg/ml)

enhanced CGRP release in the IL-1B-treated
TGCs was notably reduced by ISO treatment

(Figure 4A, P < 0.01). However, the increase
in PGE, production was obviously reduced by

ISO treatment (Figure 4A, P < 0.05). Similarly,
ISO suppressed IL-1B-induced CCL2 release in
TGCs (Figure 4B, P < 0.05). In addition, the
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(Figure 4C, P < 0.05). These results indicated
that I1SO reduced PGE2, CCL2, and CGRP
release in the IL-1B-challenged TGCs.
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ISO reduced CGRP release by inhibiting COX-2
activity and CCL2 synthesis in IL-1[3-treated
TGCs

To investigate whether the inhibitory effects of
ISO on CGRP release depended on the reduc-
tion of COX-2 activity and CCL2 synthesis, we
pretreated TGCs with a selective COX-2 inhibi-
tor (parecoxib) and an inhibitor of CCL2 synthe-
sis (bindarit) prior to IL-1p treatment. We found
that pretreatment with parecoxib or bindarit for
15 min led to notable decrease in PGE, produc-
tion or CCL2 release in IL-1B-challenged TGCs
(Figure 5A and 5B, P < 0.01). CGRP release
was significantly reduced in IL-13-stimulated
TGCs with parecoxib or bindarit pretreatment
(Figure 5C, P < 0.05). These results indicated
that 1SO reduced IL-1B-induced CGRP release
by inhibiting COX-2 activity and CCL2 synthesis
in TGCs.

Discussion

In this study, we explored the protective effects
of ISO on IL-1B-stimulated rat primary TGCs.
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Figure 5. ISO reduced IL-1B3-increased CGRP re-
lease by inhibiting COX-2 activity and CCL2 pro-
duction in TGCs. A. Pretreatment with parecoxib
for 15 min; PGE, production was measured
using ELISA in IL-1B-challenged TGCs. B. CCL2
release was detected in IL-1B-challenged TGCs
with bindarit pretreatment. C. TGCs were incu-
bated with parecoxib or bindarit for 15 min prior
to IL-1f stimulation; CGRP release was assessed
using ELISA. Data are expressed as means + SD.
*P < 0.05, **P < 0.01 Vs. Veh group; #P < 0.05,
#P < 0.01 Vs. IL-1B + Veh group. I1SO: isoflurane;
Veh: vehicle; RA: room air.

Key findings were as follows (Figure 6): first, the
mRNA and protein levels of COX-2 and CCL2 in
TGCs with IL-1B stimulation were reduced by
ISO treatment. Second, ISO inhibited PGE2,
CCL2, and CGRP production in IL-1B-treated
TGCs. Third, IL-1B-induced CGRP release was
reduced by parecoxib or bindarit pretreatment
in TGCs. Finally, 1ISO reduced IL-1B-induced
CGRP-mediated neuropathic pain by inhibiting
COX-2 activation and CCL2 release in rat TGCs.

Trigeminal ganglion plays a key role in the
pathophysiology of migraine and other primary
headaches. TGCs have been commonly used
to investigate molecular mechanisms underly-
ing migraine pathophysiology [15]. Pro-inflam-
matory cytokines and chemokines have been
well associated with inflammatory pain [16].
IL-1B-treated TGC is an established cell model
of inflammatory pain [17]. IL-13 can activate
nociceptors to induce pain hypersensitivity in a
rat skin nerve preparation [18]. In inflammatory
pain, IL-1B3 is known as a key mediator that
induces COX-2 expression in spinal cord [17]
and dorsal root ganglia cells [19]. Previous
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CGRP

Pain

Figure 6. Diagram depicting the alleviating effects
of ISO on neuropathic pain in IL-1B-challenged TGCs.

studies showed that inflammation leads to
COX-2 induction [20] and subsequent PGE,
release, which sensitize peripheral nociceptor
terminals and produce localized pain hypersen-
sitivity [21]. In the present study, we demon-
strated that ISO treatment significantly reduced
COX-2 expression and PGE, production in IL-1B-
challenged TGCs.

CCL2, a member of the chemokines, can spe-
cifically recruit monocytes to sites of inflamma-
tion, infection, trauma, toxin exposure, and
ischemia. The biological effects of CCL2 are
mediated through interaction with its receptor
C-C motif receptor 2 (CCR2) [22]. It was report-
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ed that mice overexpressing CCL2 in astrocyt-
es exhibited enhanced pain sensitivity [23],
whereas mice lacking CCR2 display a substan-
tial reduction in mechanical allodynia after par-
tial ligation of the sciatic nerve [24]. In particu-
lar, CCL2-CCR2 signaling is involved in trigemi-
nal neuropathnic pain [25]. The present study
showed that CCL2 production and release were
markedly increased in IL-1B3-challenged TGCs,
which were hindered by ISO treatment.

CGRP is a classical neuropeptide in the patho-
physiology of migraine and other primary head-
aches. In the nervous system, CGRP is mainly
produced by medium- and small-diameter pri-
mary afferent neurons and is important in mod-
ulating pain perception. In clinical studies,
CGRP levels are increased in the plasma during
migraine and cluster headache attacks [26,
27]. Previous studies showed that intravenous
injection of CGRP induces a typical headache in
migraineurs [28] and administration of CGRP
receptor antagonists can attenuate the pain
[29]. CGRP release is reportedly induced by
PGE,, which is dependent on COX-2 activity
in rat TGCs with IL-1B stimulation [17]. Addi-
tionally, CCL2 triggers CGRP release in primary
nociceptive neurons [30]. In this study, the
IL-1B-induced increase in CGRP release was
significantly inhibited by parecoxib or bindarit
pretreatment in rat TGCs, suggesting that CGRP
release depended on COX-2 activity and CCL2
production. These results indicated that 1SO
reduces neuropathic pain via reduction of
CGRP release by inhibiting IL-1B-induced COX-2
activation and CCL2 release in rat TGCs.

In conclusion, the present findings demonstrat-
ed that ISO can reduce COX-2 and CCL2 ex-
pression and PGE,, CCL2, and CGRP produc-
tion in IL-1B-challenged TGCs. Moreover, the
inhibition of IL-1B3-induced CGRP release by ISO
was dependent on reduction of COX-2 activa-
tion and CCL2 release in TGCs. Overall, these
results suggested that ISO may be an effective
therapeutic agent for alleviating inflammation-
induced neuropathic pain.

Disclosure of conflict of interest
None.

Address correspondence to: Drs. Jianfeng Li and
Tieli Dong, Department of Pain Medicine, The
Second Affiliated Hospital of Zhengzhou University,

Int J Clin Exp Med 2016;9(6):10229-10237



Isoflurane reduces inflammation-induced neuropathic pain

2 Jingba Road, Zhengzhou 450014, Henan, China.

Tel:

86-371-63974868; Fax: 86-371-63974868;

E-mail: jianfenglizz@sina.com (JFL); Tel: 86-371-
63978600; Fax: 86-371-63978600; E-mail: tiel-
dong@sina.com (TLD)

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

Jensen TS, Baron R, Haanpaa M, Kalso E,
Loeser JD, Rice AS and Treede RD. A new defi-
nition of neuropathic pain. Pain 2011; 152:
2204-2205.

Sanchez-Del-Rio M, Reuter U and Moskowitz
MA. New insights into migraine pathophysiolo-
gy. Curr Opin Neurol 2006; 19: 294-298.
Waeber C and Moskowitz MA. Migraine as an
inflammatory disorder. Neurology 2005; 64:
S9-15.

Gao YJ and Ji RR. Chemokines, neuronal-glial
interactions, and central processing of neuro-
pathic pain. Pharmacol Ther 2010; 126: 56-
68.

Milligan ED and Watkins LR. Pathological and
protective roles of glia in chronic pain. Nat Rev
Neurosci 2009; 10: 23-36.

Sarchielli P, Alberti A, Baldi A, Coppola F, Rossi
C, Pierguidi L, Floridi A and Calabresi P.
Proinflammatory cytokines, adhesion mole-
cules, and lymphocyte integrin expression in
the internal jugular blood of migraine patients
without aura assessed ictally. Headache 2006;
46: 200-207.

Malon JT, Maddula S, Bell H and Cao L.
Involvement of calcitonin gene-related peptide
and CCL2 production in CD40-mediated be-
havioral hypersensitivity in a model of neuro-
pathic pain. Neuron Glia Biol 2011; 7: 117-
128.

Rasmussen MK and Binzer M. Non-steroidal
anti-inflammatory drugs in the treatment of mi-
graine. Curr Med Res Opin 2001; 17 Suppl 1:
$26-29.

Dong X, Hu Y, Jing L and Chen J. Role of phos-
phorylated extracellular signal-regulated ki-
nase, calcitonin gene-related peptide and cy-
clooxygenase-2 in experimental rat models of
migraine. Mol Med Rep 2015; 12: 1803-1809.
Edvinsson L. Calcitonin gene-related peptide
(CGRP) and the pathophysiology of headache:
therapeutic implications. CNS Drugs 2001; 15:
745-753.

Bowen EJ, Schmidt TW, Firm CS, Russo AF and
Durham PL. Tumor necrosis factor-alpha stim-
ulation of calcitonin gene-related peptide ex-
pression and secretion from rat trigeminal
ganglion neurons. J Neurochem 2006; 96: 65-
77.

Hofstetter C, Boost KA, Hoegl S, Flondor M,
Scheller B, Muhl H, Pfeilschifter J and Zwissler
B. Norepinephrine and vasopressin counteract

10236

(13]

(14]

(16]

(17]

(18]

(23]

(24]

anti-inflammatory effects of isoflurane in endo-
toxemic rats. Int J Mol Med 2007; 20: 597-
604.

Wang H, Wang L, Li NL, Li JT, Yu F, Zhao YL,
Wang L, Yi J, Wang L, Bian JF, Chen JH, Yuan
SF, Wang T, Lv YG, Liu NN, Zhu XS, Ling R and
Yun J. Subanesthetic isoflurane reduces zymo-
san-induced inflammation in murine Kupffer
cells by inhibiting ROS-activated p38 MAPK/
NF-kappaB signaling. Oxid Med Cell Longev
2014; 2014: 851692.

Baccaglini Pl and Hogan PG. Some rat sensory
neurons in culture express characteristics of
differentiated pain sensory cells. Proc Natl
Acad Sci U S A 1983; 80: 594-598.

Zhang Z, Winborn CS, Marquez de Prado B and
Russo AF. Sensitization of calcitonin gene-re-
lated peptide receptors by receptor activity-
modifying protein-1 in the trigeminal ganglion.
J Neurosci 2007; 27: 2693-2703.

Sommer C and Kress M. Recent findings on
how proinflammatory cytokines cause pain:
peripheral mechanisms in inflammatory and
neuropathic hyperalgesia. Neurosci Lett 2004;
361: 184-187.

Samad TA, Moore KA, Sapirstein A, Billet S,
Allchorne A, Poole S, Bonventre JV and Woolf
CJ. Interleukin-1beta-mediated induction of
Cox-2 in the CNS contributes to inflammatory
pain hypersensitivity. Nature 2001; 410: 471-
475.

Binshtok AM, Wang H, Zimmermann K, Amaya
F, Vardeh D, Shi L, Brenner GJ, Ji RR, Bean BP,
Woolf CJ and Samad TA. Nociceptors are inter-
leukin-1beta sensors. J Neurosci 2008; 28:
14062-14073.

lgwe OJ, Murray JN and Moolwaney AS.
Interleukin 1-induced cyclooxygenase and ni-
tric oxide synthase gene expression in the rat
dorsal root ganglia is modulated by antioxi-
dants. Neuroscience 2001; 105: 971-985.
Vane JR, Bakhle YS and Botting RM. Cyclo-
oxygenases 1 and 2. Annu Rev Pharmacol
Toxicol 1998; 38: 97-120.

McCleskey EW and Gold MS. lon channels of
nociception. Annu Rev Physiol 1999; 61: 835-
856.

Ransohoff RM, Liu L and Cardona AE.
Chemokines and chemokine receptors: multi-
purpose players in neuroinflammation. Int Rev
Neurobiol 2007; 82: 187-204.

Menetski J, Mistry S, Lu M, Mudgett JS,
Ransohoff RM, Demartino JA, Macintyre DE
and Abbadie C. Mice overexpressing chemo-
kine ligand 2 (CCL2) in astrocytes display en-
hanced nociceptive responses. Neuroscience
2007; 149: 706-714.

Abbadie C, Lindia JA, Cumiskey AM, Peterson
LB, Mudgett JS, Bayne EK, DeMartino JA,
Maclintyre DE and Forrest MJ. Impaired neuro-

Int J Clin Exp Med 2016;9(6):10229-10237


mailto:jianfenglizz@sina.com
mailto:tieldong@sina.com
mailto:tieldong@sina.com

[25]

[26]

[27]

Isoflurane reduces inflammation-induced neuropathic pain

pathic pain responses in mice lacking the che-
mokine receptor CCR2. Proc Natl Acad Sci U S
A 2003; 100: 7947-7952.

Zhang ZJ, Dong YL, Lu Y, Cao S, Zhao ZQ and
Gao YJ. Chemokine CCL2 and its receptor
CCR2 in the medullary dorsal horn are involved
in trigeminal neuropathic pain. J Neuroinflam-
mation 2012; 9: 136.

Juhasz G, Zsombok T, Modos EA, Olajos S,
Jakab B, Nemeth J, Szolcsanyi J, Vitrai J and
Bagdy G. NO-induced migraine attack: strong
increase in plasma calcitonin gene-related
peptide (CGRP) concentration and negative
correlation with platelet serotonin release.
Pain 2003; 106: 461-470.

Fanciullacci M, Alessandri M, Figini M, Geppetti
P and Michelacci S. Increase in plasma calcito-
nin gene-related peptide from the extracere-
bral circulation during nitroglycerin-induced
cluster headache attack. Pain 1995; 60: 119-
123.

10237

(28]

[29]

(30]

Lassen LH, Haderslev PA, Jacobsen VB, Iversen
HK, Sperling B and Olesen J. CGRP may play a
causative role in migraine. Cephalalgia 2002;
22:54-61.

Ho TW, Ferrari MD, Dodick DW, Galet V, Kost J,
Fan X, Leibensperger H, Froman S, Assaid C,
Lines C, Koppen H and Winner PK. Efficacy and
tolerability of MK-0974 (telcagepant), a new
oral antagonist of calcitonin gene-related pep-
tide receptor, compared with zolmitriptan for
acute migraine: a randomised, placebo-con-
trolled, parallel-treatment trial. Lancet 2008;
372:2115-2123.

Qin X, Wan Y and Wang X. CCL2 and CXCL1
trigger calcitonin gene-related peptide release
by exciting primary nociceptive neurons. J
Neurosci Res 2005; 82: 51-62.

Int J Clin Exp Med 2016;9(6):10229-10237



