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Abstract

Background: Traumatic brain injury (TBI) is a public health issue. As the major complaint in 51% of TBI patients,
chronic pain is an important aspect in TBI treatment. Tetramethylpyrazine (TMP) is an important compound in
Ligustrazine, an analgesic drug in traditional Chinese medicine, but its potential in relieving pain symptom in TBI has
not been tested. We established a TBI mouse model with controlled cortical impact (CCl), and measured periorbital
hypersensitivity with von Frey monofilaments. We examined activated microglia and astrocytes and the levels of
substance P (SP) and inducible isoform of nitric oxide synthase (iNOS) with immunohistochemistry, measured
mMRNA and protein levels of proinflammatory cytokines with gPCR and enzyme-linked immunosorbent assay,
respectively. Western blot was employed to detect molecules in NF-kB signaling pathway.

Results: TMP significantly attenuated periorbital hypersensitivity in TBI mice. Within 3 days after CCl, TMP
attenuated activation of microglia and astrocytes, levels of SP, iINOS, and CGRP in trigeminal pathway, and levels of
proinflammatory cytokines (including IL-6, TNF-q, IL-12). In isolated microglia, TMP attenuated the effects of
lipopolysaccharide on the phosphorylation of cytoplasmic IKKa/ and IKB-a, and levels of nucleic p65.

Conclusion: TMP reversed periorbital hypersensitivity by limiting neuroinflammation at the primary stage of T8I,
and could be a promising drug for pain treatment in TBI.
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Background
Traumatic brain injury (TBI) affects approximately 10
million people annually in the world, and becomes a
public health issue [1]. But there are few satisfactory
treatments available [2] because TBI patients have a
wide-range of neurological manifestations, including
chronic pain, mood disorders, sleep disturbance, and so
on [1, 3], and underlying mechanisms of each remain
unclear. Systematic clinical studies reveal that chronic
pain is the major complaint in 51% of TBI patients [3, 4].
Therefore, pain management might be an important as-
pect for TBI treatment.

Tetramethylpyrazine (TMP) is an alkaloid compound
extracted from Ligustrazine, an herb having been used as
an analgesic drug in traditional Chinese medicine [5]. A
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series of randomized controlled clinical trials demon-
strate satisfactory efficacy of Ligustrazine as an adjunct-
ive therapeutic drug for angina pectoris [6]. This benefit
might be relevant to its anti-nociceptive property be-
cause TMP inhibits myocardial ischemic nociceptive sig-
naling [7]. Accumulating experimental studies reveal
that TMP is also effective to relieve some other types of
pain states. For instance, local injection of TMP
attenuates acute pain induced by local injection of
ATP, formalin, or PGE2 [5]. Chronic administration
of TMP significantly increases mechanical withdrawal
threshold and thermal withdrawal latency in chronic
constriction injury mice [8, 9], and in mice suffering
from burns [10].

Electrophysiological and pharmacological evidence re-
veals that TMP inhibits ionotropic purinergic receptors
(P2X), which are involved in various types of pain [7].
TMP attenuated ATP-evoked depolarizing currents in
dorsal root ganglion neurons [5, 10, 11]. The mice
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experiencing burns exhibit lower mechanical withdrawal
threshold and shorter thermal withdrawal latency, mean-
while, the P2X receptors in dorsal root ganglia are up-
regulated; in contrast, TMP treatment dramatically
attenuates the upregulation of P2X receptors and im-
proves pain hypersensitivity [10]. Therefore, P2X recep-
tors in primary sensory neurons might be major targets
for TMP in relieving pain.

In the present study, we utilized controlled cortical
impact (CCI) as an established TBI mouse models [12]
to assess the effects of TMP. We found that TMP sig-
nificantly alleviated mechanical allodynia in CCI mice.
Meanwhile, TMP reversed the adverse effects of CCI on
several neurochemical parameters, inflammatory reac-
tions, and NF-kB signaling pathway. The present study
revealed that TMP may be a promising therapeutic drug
for pain symptoms in TBL

Methods

Animals

All animal care and experimental protocols were ap-
proved by Animal Care and Research Committee in
University of Cangzhou Central Hospital Brain Branch.
The 8-week-old male C57BL/6 mice, weighed 22-24 g,
were used in this study. The mice were housed less than
4 per cage in an environment with stable temperature
(22 + 2 °C), humidity (45-75%), and 12 h light/dark cycle.
The food and water were provided to mice ad libitum.
The mice were randomly assigned into 3 groups, and were
respectively subject to craniotomy as sham control, con-
trolled cortical impact (CCI), and CCI + TMP.

Traumatic brain injury

A traumatic brain injury (TBI) model was produced with
CCI as described previously [13]. C57BL/6 mice were
anesthetized with isoflurane (4% for induction; 1-2% for
maintenance), and body temperature was maintained
with a heating pad. A 4-mm craniotomy was performed
to expose somatosensory cortex in the right hemisphere.
CCI was induced by placing an electromagnetic
stereotaxic impactor (a smooth blunt stainless-steal tip)
(Leica Biosystems Richmond, formerly MyNeuroLab,
Richmond, IL), perpendicular to the cortical surface and
operating it at 1.0 mm depth and 3.0 m/s velocity
(100 ms contact time) for 20 min. This protocol has
been reported to produce mild TBI symptoms, such as,
pain states, motor deficit, anxiety, and neurodegenera-
tion [2, 13—-15]. Then, the bone flap was sealed with a
permanent cyanoacrylate-based fast-acting adhesive, and
the skin was sutured. Sham mice were subject to crani-
otomy and the same period of anesthesia. The surgery
durations in mice were controlled approximately
20 + 5 min. Buprenorphine (0.05 mg/kg) was subcutane-
ously administered to facilitate postoperative recovery.
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Periorbital mechanical threshold test

Mice were restrained in a 10 cm long plastic tube with
an inner diameter of 3.5 cm, and were allowed to
acclimatize to the restrainer for 5-10 min. The von
Frey monofilaments (North Coast Medical, Inc., Mor-
gan Hill, CA, USA) with calibrated bending forces
(0.008-2.0 g) were used to determine mechanical
thresholds. The von Frey monofilaments were applied
to make firm perpendicular contact with the skin in
periorbital region on the right and left side of the face.
Positive responses included vigorous forepaw stroke of
face, head withdrawal from the stimulus, or head
shaking.

Each mouse was stimulated 10 times bilaterally with
each filament, and mechanical thresholds were defined as
the von Frey force that caused >50% positive responses.

The von Frey filament assay is commonly used in pain
research to detect pain threshold of hind paws in most
studies, while that of orofacial region in much less cases.
Additionally, TBI is reported to induce trigeminal pain
[13], periorbital allodynia [16], head, neck, and body
pain [15], and forepaw allodynia [15], etc. To understand
the impact of TBI on trigeminal system, and to test the
therapeutic potential of TMP in TBI treatment, we
employed Periorbital mechanical threshold test.

Immunohistochemistry

Immunohistochemistry was performed to measure the
levels of substance P (SP), inducible isoform of nitric
oxide synthase (iNOS), and the activation of microglial,
macrophages and astrocytes in somatosensory cortex
and medullary trigeminal zones. 1, 3, 7, and 14 days after
surgery, the mice were euthanized with overdosed so-
dium pentobarbital, underwent cardiac perfusion with
heparinized saline and then 4% paraformaldehyde.
Brains were removed and post-fixed in phosphate buffer
solution (PBS) containing 4% paraformaldehyde for 2 h.
After then, the brains were transferred to 30% sucrose in
PBS until sinking. Brain blocks containing forebrain
(Bregma +1.10 to -2.5 mm) and brainstem (Bregma
-5.40 to -8.24 mm) were sectioned into 10 pm thick
coronal slices with a cryostat at -24 °C, and air-dried
overnight.

Tissues were washed and incubated in 10% normal
goat serum in 0.3% Triton X-100 for 1 h, followed by
PBS containing the following primary antibodies: (1)
rabbit anti-SP (1: 250; Millipore catalog no. AB1566);
(2) rabbit anti-iNOS (1:100; Enzo Life Sciences,
Farmingdale, NY); (3) rabbit anti-ionized calcium-
binding adaptor molecule-1 (Iba-1), a cytoplasmic
peptide selectively expressed in monocytes and microglia
(1: 250; Wako Pure Chemical Industries, Osaka, Japan);
(4) rabbit anti-glial fibrillary acidic protein (GFAP)
(1:500; Millipore no. AB1540) specific to astrocytes. After
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24 h incubation with the primary antibody at 4 °C, tissues
were washed 3 times (10 min each), and then incubated
with goat anti-rabbit secondary antibodies, conjugated
with DyLight 488 or 549 (Jackson ImmunoResearch,
West Grove, PA, USA) for 2 h at room temperature. The
slices processed with the same procedure except for pri-
mary antibody incubation were used as control to ex-
clude false-positive staining.

The immune-stained slices were imaged under an
Olympus BX-51 upright fluorescent microscope (Center
Valley, PA, USA), and the images were captured through
a camera controlled by SPOT Advanced (Sterling
Heights, MI, USA). Image] (version 1.43 J, NIH,
Bethesda, MD, USA) was applied to analyze the images,
including quantification of the percentages of SP- and
iNOS-positive neurons. The averaged data were from 3
sections per mouse brain.

Microglia and astrocytes were counted with a Nikon
NIU microscope (Nikon, Tokyo, Japan) at a 20x ob-
jective for three sampling frames (100 pm?® each
frame) from two serial sections for each animal (six
total counting frames). All six frames per section
were averaged and are reported as the mean + standard
deviation.

Primary cell cultures

New born mice (postnatal day 1-2, P1-2) were eutha-
nized. Their brains were removed, were cut into small
pieces (<1 mm?®), and were digested with 0.25% trypsin.
After the digestion was terminated with BSA, cells were
isolated by filtering with a 40-pm mesh, and then were
cultured in complete DMEM medium. Medium was
changed 24 h after plating, and then once every 3 days.
2 weeks later, we collected microglia from the cultures
by intensive washing and shaking (250 rpm) for 1 h at
37 °C. The collected microglia were labeled for CD11b,
and the purity of the samples was determined by flow
cytometry. Only the samples with a purity >97% were in-
cluded for analysis.

Cell viability assay

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay was used to measure cell viability.
In brief, microglia at a density of 1 x 10* cells/well were
treated with different concentrations (1, 5, 10, 15 and
20 uM) of TMP for 24 h. Then 20 pyl MTT solution
(5 mg/ml in PBS; Sigma, St. Louis, MO, USA) was added
to each well and incubated for 4 h. The supernatant was
removed, and the crystals were dissolved by adding di-
methyl sulfoxide (100 pl/well; Sigma, St. Louis, MO,
USA). The absorbance at 490 nm was determined using
an automatic enzyme-linked immunosorbent assay reader
(Bio-Rad, Hercules, CA, USA).
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Quantitative polymerase chain reaction (qPCR)

The qPCR was performed according to the method de-
scribed previously [17]. Microglia were isolated from
mouse brain. Total RNA was extracted, and then com-
plementary DNA libraries were generated using a com-
mercially available kit (Qiagen, Valencia, CA, USA). The
qPCR master mixture was purchased from Qiagen. After
adding cDNA samples and pairs of primers in the mas-
ter mixture, qPCRs were run for 40 cycles in a thermo-
cycler (BioRad, Hercules, CA, USA). The primers used
in this study were listed in Table 1. The relative expres-
sion level for each gene was calculated using the 244
method [18] and all PCR values were normalized to
those of B-actin.

Enzyme-linked immuno-absorbent assay (ELISA)

Brains were collected from mice 3 days after surgery.
Cytokines, including IL-6, TNF-a and IL-12, in each
sample were measured with sandwich ELISA [19].
Briefly, antibodies of these cytokines were non-
covalently adsorbed onto 24-well plastic plates. After
washing out free antibodies, the sample was applied to
the plate, and incubated for 2 h at room temperature.
After the plate was washed with PBS for 3 times (10 min
each), biotin-conjugated anti-cytokine antibodies were
added to bind to each cytokine, followed by adding horse
radish peroxidase-labeled avidin or streptavidin. ABC HRP
kit was used for generating color, and the optical density
was measured with a spectrophotometer (Bio-Rad).

Luciferase assay

The HEK293 cells (2 x 10°) were seeded on 24-well
plates and transfected with IL-6 promoter reporter plas-
mid by standard calcium phosphate precipitation [20].
In the same experiment, empty control plasmid was
added to ensure that each transfection receives the same
amount of total DNA. To normalize for transfection effi-
ciency, 1 ug pRL-TK promoter Renilla luciferase reporter
plasmid was added to each transfection. Luciferase as-
says were performed with a dual-specific luciferase assay
kit (Promega, Madison, WI, USA). Firefly luciferase ac-
tivities were normalized based on Renilla luciferase
activities.

Table 1 g-PCR-primers

Gene Forward Reverse

IL-6 CTTCGGTCCAGTTGCCTTCT TGGAATCTTCTCCTGGGGGT
TNF-a TGGGGAGTGTGAGGGGTATC  TGCACCTTCTGTCTCGGTTT
IL12a TTCGCTTTCATTTTGGGCCG ATCAGCTTCTCGGTGACACG
IL12b AGAACTTGCAGCTGAAGCCA  CCTGGACCTGAACGCAGAAT
Arg1 GGAAGTGAACCCATCCCTGG  CGAGCAAGTCCGAAACAAGC
B-actin - CTACAATGAGCTGCGTGTGG AAGGAAGGCTGGAAGAGTGC
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Chemicals

TMP was obtained from Wuxi Seventh Reagent Factory
in China. TMP was dissolved and diluted in 0.9% saline.
Other chemicals were purchased from Sigma-Aldrich.

Statistical analysis

All results were expressed by mean + S.E.M. Differences
between treatment groups were analyzed by Student’s t-
test or, where appropriate, ANOVA followed by Dunnett’s
post-hoc test for multiple comparisons. p value <0.05 was
considered to be statistically significant.

Result

TMP attenuated mechanical allodynia in periorbital

region of CCl mice

We measured mechanical threshold in periorbital re-
gions of mice before surgery and 1, 2, 3, and 4 weeks
after CCI and sham surgery (Fig. 1a, b). We observed
that CCI mice showed mechanical allodynia in periorbi-
tal regions on both sides of their faces, in comparison
with sham mice. The periorbital thresholds reached low-
est levels 2 weeks after surgery. In Sham mice, mechan-
ical threshold decreased at week 2, while recovered to
the normal levels one week later (Fig. la, b). To test
whether TMP attenuates periorbital hypersensitivity in
CCI mice, we subcutaneously administered 0.4 mM
(200 pL) TMP to these mice. As illustrated in Fig. 1a,
and b, in CCI mice, TMP reduced the deterioration of
the hypersensitivity in the first 2 weeks, but accelerated
its recovery after week 2. These data indicated that TMP
has therapeutic potential to relieve periorbital hypersen-
sitivity in CCI mice.
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Effects of TMP on trigeminal pathway in CCl mice

To address neurochemical alterations accompanied
with periorbital hypersensitivity, we examined the
levels of SP, iNOS, and calcitonin gene-related peptide
(CGRP) in trigeminal pathway. Our immunohisto-
chemistry data showed that TMP administration dra-
matically reduced the expression of SP in spinal
trigeminal nucleus (Fig. 2a, b), and iNOS in trigemi-
nal ganglion (Fig. 2c, d) in CCI mice 3 days after sur-
gery. Meanwhile, TMP also reduced the percentage of
SP-positive neurons in spinal trigeminal nucleus, and
that of iNOS-positive neurons in trigeminal ganglion
(Fig. 2¢, d). We measured CGRP in trigeminal nucleus
caudalis with ELISA (Fig. 2f). The data showed that CGRP
gradually diminished in CCI mice, 1, 3, 7, and 14 days
after surgery, and TMP caused a significant reduction in
CGRP at each of these time points, compared with CCI
mice without TMP treatment. Therefore, we concluded
that TMP reduced the expression of SP, iNOS, and CGRP
in trigeminal pathway in CCI mice.

TMP reduced the activation of macrophage/microglia and
astrocyte in CCl mice

Glial cells are implicated in various neuropathic pain.
We reasoned that TMP may reduce the activation of
microglia and astrocytes in somatosensory cortex and
medullary trigeminal zones of CCI mice. To confirm this
notion, we did CCI surgery on mice, then, assigned them
into two groups: one treated with saline, and another
with 4 mM TMP. As expected, TMP treatment reduced
the expression of Iba-1, a marker protein representing
the activation of microglia (Fig. 3a, b), and attenuated
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Fig. 1 TMP relieved mechanical allodynia in periorbital region in CCl mice. Controlled cortical impact (CCl) was performed on the surface of the
somatosensory cortex in the right hemisphere. Periorbital thresholds in both ipsilateral (@) and (b) contralateral sides were measured with von
Frey filament assay. Sham (solid circle), CCl (solid square) and CCl + 4 mM TMP (open circle) mice. n = 6 in each group. Data are presented as
mean + SEM values and representative of at least three independent experiments. * P < 0.05; ** P < 0.01, compared with CCl mice
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Fig. 2 TMP downregulated SP, iNOS, and CGRP in trigeminal pathway of CCl mice. (ab) SP immunofluorescent images taken from spinal
trigeminal nucleus of CCl mice without (CCl) and with (TMP) TMP (4 mM) treatment 3 days after surgery. (c, d) Immunofluorescent images
showing iNOS-positive trigeminal ganglion neurons in CClI mice without (CCl) and with (TMP) 4 mM TMP 3 days after surgery; (e) Percentages of
SP- and iNOS- positive neurons in the spinal trigeminal nucleus and trigeminal ganglia in CCl mice with (TMP) and without (CCl) treatment of

4 mM TMP 3 days after surgery; (f) Enzyme-linked immunosorbent assay was performed to quantify CGRP levels in the trigeminal nucleus caudalis
in CCl mice with (TMP) and without (CCl) daily treatment of 4 mM TMP 1, 3, 7, 14 days after surgery. n = 6 in each group. Data in (e, f) were
obtained from at least three independent experiments, and are presented as mean + SEM. *P < 0.05; **P < 0.01
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perilesional microglia/ macrophage cells, and GFAP, a marker for activated astrocytes, were immunostained with their antibodies 3 days after CCl
surgery. (a, b) The levels of Iba-1" microglia/macrophage cells and processes in CCl mice were attenuated by 4 mM TMP; (¢, d) GFAP* astrocytes
and processes in CCl mice diminished when the mice were treated with 4 mM TMP; (e) Summary of Iba-1-positive microglia/macrophages and
GFAP-positive astrocytes in CCl mice with and without the treatment of 4 mM TMP. n = 6 in each group. Data are presented as mean + SEM
values and representative of at least three independent experiments. Statistical analyses represent variations in experimental replicates.
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the levels of GFAP, a marker protein expressed in the ac-
tivated astrocytes (Fig. 3c, d). We counted cells express-
ing either Iba-1 or GFAP (Fig. 3e), and found that TMP
reduced the number of these cells. Therefore, TMP
treatment could alleviate the enhanced activation of
microglia and astrocytes.

TMP inhibited the expression of pro-inflammatory
cytokines in CCl mice

Microglia and astrocytes release numerous types of cyto-
kines, which subsequently exacerbate the pathophysi-
ology of neuropathic pain. Because TMP attenuated the
activation of microglia and astrocytes, we next examined
whether TMP also counteracts the release of cytokines
from microglia and astrocytes (Fig. 4a, b). In Fig. 4a,
qPCR assay showed that TMP significantly lowered the
mRNA levels of pro-inflammatory cytokines, including
IL-6, TNF-o,IL-12a, and IL-12b, but not Argl, an anti-
inflammatory factor gene. Similarly, the data from ELISA
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Fig. 4 TMP lowered the level of pro-inflammatory cytokines in CCI
mice. CCI mice were assigned into two groups: treated with or
without TMP. Tissues were collected 3 days after surgery. (a) gRT-
PCR analysis of the indicated genes in microglia of CCl mice. Data
were presented as ratio of the levels of indicated mRNAs to those of
Actin mRNA. (b) ELISA assay of the indicated cytokines in microglia.
n = 6 in each group. Data were from at least three independent
experiments, and are presented as mean + SEM values.

*P < 0.05; **P < 0.01
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assay also showed less IL-6, TNF-a,and IL-12 in
CCI + TMP mice, in comparison with CCI mice. These
results indicated that TMP may have anti-inflammatory
property in CCI mice.

TMP regulated NF- kB pathway in microglia

To understand whether TMP interrupts NF-kB pathway
commonly involved in the activation of microglia, we
isolated microglia from the brains of neonatal mice (see
Methods and Materials), and examined whether TMP al-
ters the mobilization of NF-«B signaling pathway in re-
sponse to lipopolysaccharide (LPS). Before we tested the
effects of TMP on NF-«B signaling pathway, we exam-
ined the apoptosis of microglia in the presence of con-
centrations of TMP. MTT assay was used to detect
viable cells. Decrease of optical density (OD) of MTT
staining represents reduced viability of cells. As illus-
trated in Fig. 5a, 10 and 15 uM TMP enhanced apop-
tosis or death of microglia. Therefore, we chose 5 pM
TMP in our experiments. We treated microglia with ei-
ther vehicle or TMP for 24 h, and then tested the
mobilization of NF-«kB signaling pathway by 30 and
60 min incubation of LPS. We analyzed several mole-
cules in NF-kB pathway, including IKKp, IKBa, and P65.
The former two are in the cytoplasm, while the latter
one locates in the nucleus (Fig. 5b). The mobilization of
NF-kB pathway starts from the phosphorylation, and
subsequent degradation of IKBa, followed by the trans-
location of NF-kB from cytoplasm into nucleus. The
phosphorylation of IKBa depends on the levels of IKKa/
B. In vehicle-treated microglia, we observed that LPS
time-dependently enhanced phosphorylation of IKKa/p
and IKBaq, and increased the levels of p65. In contrast,
24 h treatment with TMP significantly attenuated LPS
effects. After entering the nucleus of the cell, NF-xB
triggers the expression of various genes. To address
whether reduction of p65 and phosphorylated IKKf by
TMP alters the expression of genes, such as IL-6, typic-
ally existing in microglia, we used luciferase assay. We
transfected HEK293 cells with luciferase whose expres-
sion is driven by IL-6 promoter. As illustrated in Fig. 5c,
co-transfection of either p65 or IKKB promoted the ex-
pression of luciferase, interestingly, the presence of TMP
did not alter the effect of p65, but inhibited the effect of
IKKp, on the expression of luciferase. These data suggest
that the targets of TMP locate in the cytoplasm, instead
of the nucleus.

Discussion

In the present study, we successfully established TBI
mouse models with CCIL As illustrated in Fig. 1la, the
mice showed a significant decrease in periorbital thresh-
old in comparison with sham mice. In CCI mice, we ob-
served that the decrease of periorbital threshold reached
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Fig. 5 TMP attenuated the activation of NF-kB pathway by lipopolysaccharide exposure in microglia. (a) Cell viability was evaluated by the
MTT assay. The effects of concentrations of TMP on cell viability were examined 24 h after plating of microglia. The data were collected from 6
different preparations. * P < 0.05, ** P < 0.001 vs. control. (b) Immunoblot analyses of phosphorylated (P-) IKKa/B and IKBa in cytoplasmic (Cyto)
contents and p65 in nucleus (Nuc) extracts from microglia, stimulated with LPS for the indicated time periods with or without 5 uM TMP;
(c) HEK293 cells (2 x 10°) were transfected with the IL-6 promoter luciferase plasmid and cotransfected with expression plasmid as indicated. Cells
were incubated with 5 uM TMP for 2 h before harvest. Luciferase assays were performed 36 h after transfection. Data are representative of three
independent experiments. *P < 0.05

the lowest levels at week 2. This phenomenon indicates
that the development of pain behaviors might be sec-
ondary events, instead of immediate ones, following
CCL. This time course is similar to the development of
pain symptoms in TBI patients, which often takes weeks
or months to manifest [21]. Interestingly, we observed
that CCI on the right hemisphere led to the reduction of
periorbital threshold on both sides. These data suggest
that CCI on one hemisphere may affect pain processing
circuits in both hemispheres. Although restraining the
mouse in a narrow tube for periorbital mechanical
threshold is a stress, but it may not interfere mechanical
allodynia after CCI [15].

TMP is proved to effectively relieve pain symptoms
induced by acute nociceptive stimulation, such as
local injection of ATP, formalin or PGE2 [5], by burns
[10], and by chronic constriction injury [8, 9]. We
provide evidence showing that TMP significantly at-
tenuated periorbital hypersensitivity following CCI. As
illustrated in Fig. 1a, and b, TMP showed stronger in-
hibition on pain 3-4 weeks, than 1-2 weeks, after
CCI, and even restored periorbital threshold to nor-
mal levels. These results suggest that TMP may dif-
ferentially affect the development and recovery of
periorbital hypersensitivity after CCL.

Periorbital skin is innervated by peripheral axons of
the trigeminal ganglion, through which the nocicep-
tive signals in periorbital region is relayed to trigemi-
nal nucleus. Previous studies revealed that CCI
modifies this relay pathway by upregulating CGRP, SP,
and iNOS [13, 14, 16]. Importantly, both antagonizing
these molecules and knocking-out of iNOS alleviate
pain hypersensitivity in response to CCI [13]. In the
present study, we observed that TMP reduced the
levels of CGRP, SP, and iNOS in CCI mice, indicating
that these molecules were also targeted by TMP, and
could mediate the beneficial effects of TMP on peri-
orbital pain.

Neuro-inflammation is a common aspect of patho-
physiology in TBI models, including CCI [14, 22, 23]. It
contains several steps of events and manifestations, such
as, activation of microglia and astrocytes, and elevated
synthesis and release of pro-inflammatory cytokines, and
also enhanced mobilization of NF-«B signaling pathway.
To counteract these alterations might be one of the
major strategies to treat TBL In this study, we have
shown that TMP limits these pathophysiological features
in CCI mice. This supports the notion that TMP might
be a promising drug to relieve pain hypersensitivity in
TBIL
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First, TMP significantly reduced the levels of Iba-1 and
GFAP, and also the number of activated microglia and
astrocytes in the brain stem of CCI mice. Second, TMP
led to a diminution of pro-inflammatory cytokines, such
as, IL-6, TNF-a, IL-12, at both mRNA and protein levels.
Third, TMP reversed the enhanced phosphorylation of
IKBa and IKKa/( and expression of p65 after LPS treat-
ment, suggesting an attenuated activation of NF-kB sig-
naling pathway. Using luciferase assay in an in vitro
system, we observed that TMP reduced cytoplasmic
IKKB-, but not nucleic p65-, induced enhancement of
IL-6 expression, suggesting that the targets of TMP in
modulating NF-«kB signaling pathway may locate in cyto-
plasm, but not in nucleus. TMP-induced reduction of
p65 in microglia may result from the tempered phos-
phorylation of IKB-a and translocation of NF-«kB from
cytoplasm into nucleus.

The detrimental outcomes of TBI include damage
immediately or secondarily following primary injury
[1, 14, 24]. In the present study, we examined pain
behavior 1-4 weeks after CCI surgery, but analyzed
most cellular and molecular events within 3 days after
CCL That is, we tested both immediate and second-
ary damage in the nervous system by CCI. From the
time points examined, it seems that the cellular and
molecular effects of TMP may not directly relate to
its behavioral action. This suspicion tends to be sup-
ported by another observation that CGRP levels in
CCI mice diminished starting from day 3 till day 14
after CCIL. However, as illustrated in Fig. 2f, the levels
of CGRP at day 1, 3, 7 in TMP-treated CCI mice
were at the same levels at day 3, 7, 14 in CCI mice,
correspondingly. It suggests that TMP was limiting
CGRP levels starting very early after CCI surgery.
This reaction pattern follows the possibility that the
reversal of pain hypersensitivity by TMP seen in Fig. 1
might result from accumulated restriction of cellular and
molecular events in Figs. 2-5.

Conclusions

In summary, the present study replicated a TBI pain
model with CCI, and demonstrated that TMP relieved
pain symptom at secondary phase in this model. Our
cellular and molecular experiments at early phase of TBI
support that TMP attenuated the activation of microglia
and astrocytes, levels of SP, iNOS, and CGRP in trigemi-
nal pathway, and levels of proinflammatory cytokines.
The in vitro experiments showed that TMP inhibited
LPS-induced cytoplasmic mobilization of NF-«B signal-
ing pathway. The results support that TMP reversed
pain hypersensitivity by limiting a series of cellular and
molecular events in neuroinflammation occurred at the
primary stage of TBI, could be a promising drug for TBI
treatment. Of note, the limitation of our study is that
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only mouse CCI model of TBI was employed, which dif-
fers from human TBI. Future studies may focus on TBI
animal model more relevant to human TBIL.

Abbreviations
CCl: Controlled cortical impact; iNOS: Nitric oxide synthase; SP: Substance P;
TBI: Traumatic brain injury; TMP: Tetramethylpyrazine

Acknowledgements
Not applicable.

Funding
This study was supported by The Cangzhou Central Hospital Foundation.

Availability of data and material
All data generated or analyzed during this study are included in this
published article.

Authors’ contributions

ZW, QW, CW, XX, HY performed the experiments, analyzed and interpreted
the data. ZWwas a major contributor in writing the manuscript. All authors
read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
All participants have given consent for publication.

Ethics approval and consent to participate

The protocols for animal care and use in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) and by the Office of
Laboratory Animal Resources in Cangzhou Central Hospital Brain Branch, and
followed the Guide for the care and use of laboratory animals (8th edition),
published by National Academies Press.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Operating theatre, Cangzhou Central Hospital Brain Branch, Cangzhou City,
Hebei Province 061000, China. “Department of Anesthesiology, Cangzhou
Central Hospital Brain Branch, Cangzhou City, Hebei Province 061000, China.
*The Fourth Department of Neurosurgery, Cangzhou Central Hospital Brain
Branch, Cangzhou City, Hebei Province 061000, China.

Received: 12 March 2017 Accepted: 31 May 2017
Published online: 08 June 2017

References

1. Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, Kobusingye OC. The
impact of traumatic brain injuries: a global perspective. NeuroRehabilitation.
2007,22:341-53.

2. Chauhan NB. Chronic neurodegenerative consequences of traumatic brain
injury. Restor Neurol Neurosci. 2014;32:337-65.

3. Mollayeva T, Cassidy JD, Shapiro CM, Mollayeva S, Colantonio A. Concussion/
mild traumatic brain injury-related chronic pain in males and females: a
diagnostic modelling study. Medicine (Baltimore). 2017,96:25917.

4. Nampiaparampil DE. Prevalence of chronic pain after traumatic brain injury:
a systematic review. JAMA. 2008;300:711-9.

5. Liang SD, Gao Y, Xu CS, Xu BH, Mu SN. Effect of tetramethylpyrazine on
acute nociception mediated by signaling of P2X receptor activation in rat.
Brain Res. 2004,995:247-52.

6. Shao H, Zhao L, Chen F, Zeng S, Liu S, Li J. Efficacy of Ligustrazine injection
as adjunctive therapy for angina pectoris: a systematic review and meta-
analysis. Med Sci Monit. 2015;21:3704-15.

7. Liang S, Xu C, Li G, Gao Y. P2X receptors and modulation of pain
transmission: focus on effects of drugs and compounds used in
traditional Chinese medicine. Neurochem Int. 2010;57:705-12.



Wang et al. Journal of Inflammation (2017) 14:13 Page 9 of 9

8. GaoY, XuC, Liang S, Zhang A, Mu S, Wang Y, et al. Effect of
tetramethylpyrazine on primary afferent transmission mediated by P2X3
receptor in neuropathic pain states. Brain Res Bull. 2008;77:27-32.

9. Leng YF, Gao XM, Wang SX, Xing YH. Effects of tetramethylpyrazine on
neuronal apoptosis in the superficial dorsal horn in a rat model of
neuropathic pain. Am J Chin Med. 2012;40:1229-39.

10. GaoY, Xu G, Yu K Li G Wan F, Liu S, et al. Effect of tetramethylpyrazine on
DRG neuron P2X3 receptor involved in transmitting pain after burn. Burns.
2010;36:127-34.

11, Liang SD, Xu CS, Zhou T, Liu HQ, Gao Y, Li GL. Tetramethylpyrazine inhibits
ATP-activated currents in rat dorsal root ganglion neurons. Brain Res.
2005;1040:92-7.

12. Osier ND, Dixon CE. The controlled cortical impact model: applications,
considerations for researchers, and future directions. Front Neurol.
2016;7:134.

13.  Daiutolo BV, Tyburski A, Clark SW, Elliott MB. Trigeminal pain molecules,
Allodynia, and photosensitivity are pharmacologically and genetically
modulated in a model of traumatic brain injury. J Neurotrauma.
2016;33:748-60.

14.  Impellizzeri D, Campolo M, Bruschetta G, Crupi R, Cordaro M, Paterniti |, et
al. Traumatic brain injury leads to development of Parkinson's disease
related pathology in mice. Front Neurosci. 2016;10:458.

15. Macolino CM, Daiutolo BV, Albertson BK, Elliott MB. Mechanical alloydnia
induced by traumatic brain injury is independent of restraint stress.

J Neurosci Methods. 2014;226:139-46.

16.  Elliott MB, Oshinsky ML, Amenta PS, Awe OO, Jallo JI. Nociceptive
neuropeptide increases and periorbital allodynia in a model of traumatic
brain injury. Headache. 2012;52:966-84.

17. Carr AC, Moore SD. Robust quantification of polymerase chain reactions
using global fitting. PLoS One. 2012;7:37640.

18, Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(—Delta Delta C(T)) method. Methods.
2001;25:402-8.

19. Nemzek JA, Siddiqui J, Remick DG. Development and optimization of
cytokine ELISAs using commercial antibody pairs. J Immunol Methods.
2001;255:149-57.

20. Wang Y, Xiao C, Indersmitten T, Freedman R, Leonard S, Lester HA. The
duplicated alpha7 subunits assemble and form functional nicotinic
receptors with the full-length alpha7. J Biol Chem. 2014;289:26451-63.

21. Sawyer K, Bell KR, Ehde DM, Temkin N, Dikmen S, Williams RM, et al.
Longitudinal study of headache trajectories in the year after mild traumatic
brain injury: relation to posttraumatic stress disorder symptoms. Arch Phys
Med Rehabil. 2015;96:2000-6.

22, Chiu CC, Liao YE, Yang LY, Wang JY, Tweedie D, Karnati HK, et al.
Neuroinflammation in animal models of traumatic brain injury. J Neurosci
Methods. 2016;272:38-49.

23. Piao CS, Stoica BA, Wu J, Sabirzhanov B, Zhao Z, Cabatbat R, et al. Late
exercise reduces neuroinflammation and cognitive dysfunction after
traumatic brain injury. Neurobiol Dis. 2013;54:252-63.

24. Hsieh TH, Lee HH, Hameed MQ, Pascual-Leone A, Hensch TK, Rotenberg A.
Trajectory of Parvalbumin cell impairment and loss of cortical inhibition in
traumatic brain injury. Cereb Cortex. 2016;

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Animals
	Traumatic brain injury
	Periorbital mechanical threshold test
	Immunohistochemistry
	Primary cell cultures
	Cell viability assay
	Quantitative polymerase chain reaction (qPCR)
	Enzyme-linked immuno-absorbent assay (ELISA)
	Luciferase assay
	Chemicals
	Statistical analysis

	Result
	TMP attenuated mechanical allodynia in periorbital region of CCI mice
	Effects of TMP on trigeminal pathway in CCI mice
	TMP reduced the activation of macrophage/microglia and astrocyte in CCI mice
	TMP inhibited the expression of pro-inflammatory �cytokines in CCI mice
	TMP regulated NF- κB pathway in microglia

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

