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Cobra neurotoxin produces central
analgesic and hyperalgesic actions via
adenosine A, and A;a receptors

Chuang Zhao', Jun Zhao', Qian Yang' and Yong Ye'~?

Abstract

Cobra neurotoxin, a short-chain peptide isolated from snake venom of Nagja naja atra, showed both a central analgesic effect
and a hyperalgesic effect in mice tests. In order to explore mechanisms, a hypothesis is put forward that cobra neurotoxin
takes effect through adenosine receptor pathway. The central effects of cobra neurotoxin were evaluated using the hot plate
test (@ model of acute pain) and the spinal cord injury (a model of central pain) in mice and using A| receptor antagonist
(DPCPX) and A, receptor antagonist (ZM241385); behaviors were scored and signal molecules such as reactive oxygen
species and adenosine triphosphate levels and mitogen-activated protein kinases/extracellular signal-regulated protein kinase
expression were measured. Low dose of cobra neurotoxin (25 pg/kg) had analgesic effects which were inhibited by DPCPX,
while high dose of cobra neurotoxin (100 pg/kg) had hyperalgesic effects which were blocked by ZM241385. Cobra
neurotoxin reduced reactive oxygen species and increased adenosine triphosphate in brain tissues, and extracellular
signal-regulated protein kinase expression was markedly inhibited by cobra neurotoxin. Cobra neurotoxin may take effect
through mitogen-activated protein kinases/extracellular signal-regulated protein kinase pathway inhibition by activating
adenosine A|Rs and cause changes of reactive oxygen species and adenosine triphosphate through feedback mechanisms.
Overdose cobra neurotoxin further activates the adenosine A;ARs to generate pain sensitization. This research proposes a
new central analgesic mechanism of cobra neurotoxin and discloses dual regulation of pain.
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antagonist to cholinergic receptors due to its inhibition
on inflammatory pain weakened by nicotinic acetylcho-
line receptors antagonist.” However, recently it has been

Introduction

Chronic pain, a complex condition caused by

inflammation, nerve injury, and cancer, is associated
with multiple signaling molecules in cells, including
hormones, cytokines, neurotransmitters, lymphatic fac-
tors, growth factors, and chemical inducers which could
change the activity of ion channels, relevant enzymes,
and gene expression.' > Current analgesic therapies for
pain involve several shortcomings such as gastrointes-
tinal effects, tolerance, and dependence,4 and there is
considerable interest in exploring novel drug targets.
This includes herbal natural products and marine/terres-
trial neurotoxins.>® Cobra neurotoxin (CNT), a short-
chain peptide isolated from snake venom of Naja naja
atra, has a central analgesic effect without producing tol-
erance or dependence and shows prospects for clinical
application.”® CNT is generally regarded as an

reported that CNT causes trigeminal neuralgia at higher
dose,'® which is contrary to such a mechanism. CNT,
like other toxin,'' may exhibit dual pain regulation,
with analgesia and hyperalgesia in different physiological
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conditions or dosage through interaction with different
receptors and signal pathways. Due to uncertain sites of
action and unclear signal transduction pathway of two
ways regulation, the antinociceptive effect of CNT may
involve pathways and mechanisms other than cholinergic
receptors and opioid receptors.

Adenosine receptors are G-protein-coupled receptors
and widely distributed in brain tissues and are relevant to
pain.'? Adenosine can affect pain signaling via A;, Asa,
Asg, and Aj receptors. AR agonists are antinociceptive
in various preclinical pain models; A>oR agonists not
only exhibit peripheral pronociceptive effects but also
act on immune cells to suppress inflammation; A,gR
agonists show peripheral proinflammatory effects on
immune cells; A;Rs can produce antinociception with
mechanistic actions on glial cells.’> A, and Aja receptors
play an important role in the pain signal transduc-
tion,'*'> and adenosine receptors can exhibit dual regu-
lation of pain.m’15 Moreover, caffeine, a nonselective
inhibitor of adenosine receptors, could reduce nicotinic
acetylcholine receptors-mediated response (increase of
transmembrane current and opening of ion channels)
that has been thought as the analgesic mechanism of
CNT.'® There may be a relationship between adenosine
receptors and CNT, which intrigues us to disclose the
role of adenosine receptors in the central analgesic
action of CNT. Since CNT can inhibit inflammation,'’
which is opposite to proinflammatory effects of A,gRs,
and a majority of A3Rs has been found in peripheral
tissues rather than central nerve system,'® this research
focuses on its relation with A;Rs and A,aRs.

In this study, we examined the hypothesis that CNT
acts through adenosine A1l and A2A receptors and their
transduction pathways. The hot plate test and spinal
cord injury (SCI) model were used in this study to
explore differences in the upstream signal molecules
such as reactive oxygen species (ROS) and adenosine
triphosphate (ATP) level, and downstream signal mol-
ecules such as mitogen-activated protein Kkinases
(MAPK)/extracellular signal-regulated protein kinase
(ERK).

Materials and methods
Chemicals and reagents

The crude cobra venom was purchased from Jiangxi
Snake Farm (Jiangxi, China), and CNT was isolated
and purified in our previous research.'” Morphine was
bought from Northeast Pharmacy Group (Shenyang,
China). Pentobarbital sodium and amoxicillin sodium
were bought from Guangzhou Qiyun Biotech
Company (Guangzhou, China). A receptor antagonist
(DPCPX, 98%) and A,, receptor antagonist
(ZM241385, 98%) were bought from Sigma (St. Louis,

MO, USA). BCA protein assay kit, ROS kit, and
ATP kit were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Phospho-
p44/42 MAPK (Erk1/2), GAPDH antibody, and
horseradish peroxidase-linked antibody were bought
from Cell Signal Technology Inc., Beverly, MA, USA.
Other reagents were all analytical reagents and pur-
chased from Guangzhou Feibo biotechnology company
(Guangzhou, China).

Animals

The experiments were performed on Kunming mice of
weight 20 42 g, supplied by Experimental Animal Center
of South Medical University. The animals were housed
under conditions of 25°C+2°C, 50% £ 10% humidity
with a 12 h light/dark cycle. Food and water were access-
ible ad libitum. The experiments have been performed in
accordance with the Chinese Guidelines for the use of
laboratory animals and received approval from the
Animal Experimentation Ethic Committee of South
China University of Technology. All efforts were made
to minimize animal suffering and to reduce the number
of animals used.

Analgesic test of CNT

Analgesic effects of CNT were evaluated by the hot plate
test according to the reference.?® Because the scrotal skin
of male mice is sensitive to heat, the mice are prone to
jumping and the phenomenon of licking the hind paw is
not casily observed, only female mice were chosen to
keep the pain threshold stable in the same group. The
female mice were divided into five groups of 18 mice for
each: normal saline, morphine, CNT at high dose (HD),
middle dose (MD), and low dose (LD), respectively.
The medicated groups of mice were intraperitoneally
injected with morphine 10mg/kg, CNT at 25pug/kg
(LD), 50 ug/kg (MD), and 100 pg/kg (HD) based on
LDsy, of CNT (about 200 pg/kg) according to the
reference.’! Half of LDs, was chosen as the HD in con-
sideration of safety, and 1/4 LDsy, and 1/8 LDs, were
used as medium and LD, respectively. No irritant and
toxic effects on normal mice such as dyspnea, bite,
piloerection, pale skin, or lazy were observed at these
doses.”? The control group was administered with the
same volume of normal saline; 4h later, each group
was divided into three groups with six mice each and
intraperitoneally injected with saline (0.1 mL/10g),
DPCPX (2mg/kg), or ZM241385 (1 mg/kg) separately.
The latency time for paw licking or jumping was rec-
orded as pain threshold in the hot plate test (surface
temperature 55°C £0.5°C). Basic pain threshold was
determined before administration, and the responses
were recorded at 0.5, 1, 2, 4, 4.5, 5, 6, and 8h after
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administration. Pain threshold increase
(%) =(P-Py) x 100/P,, where P, and P, are separately
basic pain threshold and pain threshold at “f” time
interval.

SCl in mice

SCI was used for a central pain model with some
modifications.”® Contusion was performed at the verteb-
rae T10 level of mice using extradural vascular compres-
sion after intraperitoneal injection of 50 mg/kg of 1%
pentobarbital sodium for anesthesia. The skin and the
paravertebral muscle of vertebrae T9 to T11 were dis-
sected. The laminectomy was carried out at the spinal
T10 segment, and the spinal columns of T9 and TI11
were fixed by tissue forceps. Then, one minute of
extradural perstriction with a vascular clip was per-
formed around the exposed spinal cord in order to
make an acute compression injury. Subsequently, the
muscle and skin were sutured in layers, and the animals
were placed on a warm pad to recover from the anesthe-
sia. The postoperative micturition was handled twice a
day until spontaneous urination recovery. Amoxicillin
sodium was injected intraperitoneally at 100mg/kg
once a day for the first three days to prevent a wound
infection.

Three days after operation, the mice of half male and
half female were randomly divided into nine groups of
eight mice for each: normal control, sham group, spinal
cord compression injury control group, six medicated
groups including high and LDs of CNT,
CNT+DPCPX, and CNTHZM241385, respectively.
Except for the absence of compression injury, the sham
group was the same as the surgical procedure. Medicated
groups of mice were intraperitoneally injected with CNT
at 100 pg/kg-d (HD) and 25 pg/kg-d (LD) for two weeks.
Normal control, sham group, and injury group were
administrated with the same volume of normal saline
instead. Mice in CNT+DPCPX and CNT+ZM241385
groups were intraperitoneally injected with DPCPX
(2mg/kg) and ZM241385 (1 mg/kg) 1 h later after admin-
istration of CNT. Subsequently, the Basso Mouse Scale
(BMYS) score of all groups was measured for two weeks.
After the last administration, mice were scored and then
sacrificed by decapitation. The hippocampus, corpus
striatum, and spinal cord were quickly collected and con-
served in —80°C for further analysis.

Locomotive behavior evaluation

The BMS, a 9-point scale score in the process of
locomotor recovery, was performed to evaluate the
locomotive behavior of SCI model mice.>* No ankle
movement to larger ankle movement was scored 0 to 2,
the improvement of step and plantar placing occurred as

score 3 to 4, and score 5 to 8 was under the circumstances
of paw standing position, hindlimb-forelimb coordin-
ation, and trunk stability. Score 9 indicated the normal
locomotion with trunk stability. The average score of left
and right hindlimb was recorded as the BMS score of
each mouse, and then the mean score of a group was
calculated. The animals were scored before injury, once
per day from one day to four days and then every two
days till two weeks after SCI surgery.

Determination of ROS and ATP in brain tissues

ROS and ATP are important signal molecules in central
pain pathway and determined by the ELISA method
according to kit descriptions. The reagent of DCFH-
DA (2,7-dichlorofluorescin diacetate) can be oxidized
by ROS into DCFH with detected fluorescence emission.
Brain tissues (1 mg) were homogenized with 20 pL. of
0.1M PBS (pH 7.4) and centrifuged at 2500g for
10 min. After the amount of protein was determined by
the BCA protein assay kit, ROS activity of brain tissue
was measured with fluorescence intensity at 525 nm after
excitation at 500 nm by F-4500 fluorescence spectrometer
(Hitachi Company, Tokyo, Japan). ATP activity of brain
tissue was determined with absorbance at 636 nm by UV-
3010 ultraviolet spectrophotometer (Hitachi Company,
Tokyo, Japan).

Determination of MAPK/ERK in brain tissue

Adenosine receptors have dual regulation of pain as the
same as CNT’s actions, suggesting that they are both
involved in pain signaling pathways. Corpus striatum
as a major site of adenosine receptors is selected for
determination of signal molecules to reveal the inter-
active effects of adenosine receptors and CNT on pain
signaling pathways.”> Western blot analysis was applied
to evaluate the phosphorylation level of MAPK ERK1/2
following the procedure in the reference.® Corpus stri-
atum of each group was homogenized in lysis buffer on
an ice bath and centrifuged at 16,000 g for S5min at 4°C.
The supernatant was collected and assayed for protein
content by the BCA kit. Proteins (30 ug) were electro-
phoresised on 5% stacking gel and 12% running gel
and transferred to a 0.22 um polyvinylidene difluoride
membrane (100V for 2h). Membranes were blocked
with 3% BSA for 2h at room temperature. The primary
antibodies were added overnight at 4°C in a fresh
blocking buffer. The membranes were washed and then
covered by the horseradish peroxidase-linked antibody
in tris-buffered saline with Tween for 2h at 37°C. The
membrane was washed in tris-buffered saline with Tween
and detected by enhanced chemiluminescence with
GADPH as the control. The optical densities of specific
bands were measured with an imaging analysis system



Molecular Pain

(Tanon-4200SF, Tanon Science & Technology Co., Ltd.,
Shanghai, China).

Statistical analysis

Data were expressed as mean=+standard deviation
(X £ s) and analyzed with SPSS17.0 software (IBM,
Armonk, NY, USA). Significant tests among the
groups were based on one-way analysis of variance and
Student—Newman—Keuls test.

Results
Analgesia and hyperalgesia induced by CNT

There was marked differences of pain threshold among
groups treated with CNT in different doses (Figure 1).
Pain threshold reached the maximum at 1h after admin-
istration but decreased quickly in morphine group. It
reached the maximum at 4.5h after injection of CNT
at LD or MD and maintained high levels at 8 h after
administration. However, pain threshold was lower in
the group treated with HD of CNT in the initial 3h of
administration and gradually increased thereafter. It sug-
gests that LD and MD of CNT have long lasting and
effective central analgesic effects, but HD of CNT causes
hyperalgesia at earlier stage, but gradually makes anal-
gesic effects after metabolism for a certain time.

The adenosine A receptor antagonist (DPCPX) and
A, receptor antagonist (ZM?241385) were given to mice
after 4h administration when the analgesic effects of
CNT were still prominent. Results showed that the
pain threshold in the normal group and the morphine
group had no significant difference (Figure 1(a) and
(b)), but obviously decreased in CNT groups after
DPCPX treatment (Figure 1(c) to (e)). ZM241385 signifi-
cantly increased pain threshold in CNT HD group but
had no effect on CNT LD and MD groups. Results indi-
cate that analgesic effect of CNT involves A;Rs, and the
hyperalgesic effect involves A;ARs.

Influence of CNT on mice behavior

The BMS score was based on the Basso-Beattie-
Bresnahan scoring system with some modifications to
develop a suitable scoring method for mice behavior.?*
No significant difference was found with gender on pain
response, all mice for SCI model showed a maximum
BMS score (score 9) during assessment before the oper-
ation (Figure 2). On the first day after surgery, all the
groups with SCI showed flaccid paralysis with no hind-
limb movement (BMS score 0). The sham group recov-
ered quickly to normal level, and the compression injury
animals appeared a slight ankle movement on the third
day after surgery (BMS score 1) and gradually recovered

up to dorsal stepping. CNT groups at LD showed exten-
sive ankle movement (BMS score 2) on the third day and
appeared frequent dorsal stepping (BMS score 3) or
occasional plantar stepping (BMS score 4) after seven
days administration. HD of CNT groups had lower
score than the compression injury group during the ear-
lier six days administration but exceed them thereafter.
The result showed that CNT could obviously improve
the locomotive performance of mice after SCI at LD, but
HD led to hyperalgesia blocking motor improvement.

Effects of CNT on ROS and ATP level in brain tissues

ROS and ATP were measured in corpus striatum, hippo-
campus, and spinal cord of mice. Compared to the
normal group, the level of ROS significantly increased
in the compression injury group, but there was no sig-
nificant difference among corpus striatum, hippocampus,
and spinal cord indicating a widespread damage of mito-
chondria in central tissues, whereas the level of ATP
decreased with obvious difference between corpus stri-
atum and hippocampus, spinal cord suggesting that
ATP breakdown to be adenosine in corpus striatum,
where is the major distribution of adenosine receptors.
Under pathological conditions in the nervous system,
excess ROS result in the damage of mitochondria and
neurons and inevitably lead to ATP degradation and
more adenosine in cells. After administration of CNT,
the concentration of ROS decreased markedly and the
concentration of ATP improved remarkably in the
corpus striatum of CNT LD group mice (Table 1).
DPCPX both reduced ROS and increased ATP in the
mice brain tissues of CNT LD and HD groups, but
ZM?241385 only significantly influenced CNT HD
group. Results indicate that CNT generates a central
analgesic effect through interaction with A;Rs and gen-
erates hyperalgesic effect in HD through interaction with
AsARs. The reduction of ROS and increase of ATP lead-
ing to decreased adenosine might result from interaction
of CNT with A; and A, receptors.

Influence of CNT on MAPK/ERK pathway

The phosphorylation level of ERK1 (p44 MAPK) and
ERK2 (p42 MAPK) were determinate by western blot-
ting (Figure 3); the level of p-ERK1/2 in the SCI com-
pression injury group (lane 3) significantly increased
compared to the normal control group (lane 1). This
confirms that MAPK/ERK pathways in the central
pain. CNT LD obviously decreased the protein expres-
sion of p-ERK1/2 in corpus striatum (lane 4) which was
similar with ZM241385 group (lane 5), whereas the levels
of p-ERK1/2 were the highest in DPCPX group (lane 6
and lane 9). Expression of p-ERK1/2 in CNT HD group
significantly decreased with treatment of ZM241385
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Figure |. Analgesic effects of cobra neurotoxin (CNT) on mice by hot plate test. A| receptor antagonist (DPCPX) and A, receptor
antagonist (ZM241385) were injected at 4 h after administration. (a) Normal saline, (b) morphine (10 mg/kg), (c) CNT LD (25 pg/kg), (d)

CNT MD (50 pg/kg), (¢) CNT HD (100 pg/kg). Data were represented as X £, n=6. a, p < 0.05, compared with CNT group at

corresponding dose; b, p < 0.05, compared with DPCPX group.
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Figure 2. Score of mice with spinal cord injury by Basso Mouse Scale. (a) No antagonists, (b) low dose of cobra neurotoxin (CNT LD),
(c) high dose of cobra neurotoxin (CNT HD). Mice groups of CNT LD and HD received 25 ig/kg and 100 pg/kg i.p., respectively; | h later
after administration of CNT, mice in CNT+DPCPX or CNT+ZM241385 groups were intraperitoneally injected with DPCPX (2 mg/kg) or
ZM241385 (1 mg/kg). Data were represented as X + s, n=8. a, p < 0.05, compared with compression injury group in figure (a) and CNT at
corresponding dose in figure (b) and (c); b, p < 0.05, compared with high dose group in figure (a) and DPCPX group in figure (b) and (c).

(lane 8). Results suggest that CNT mainly acts on
A|Rs by inhibition of p-ERKI1/2 to produce anal-
gesic effects, while the hyperalgesia caused by HD
CNT is due to activation of A,ARs to enhance p-
ERK1/2 expression.

Discussion
Pain model rationality and gender difference

Rodent pain models are used at all stages from to esti-
mation of efficacy to identification of mechanisms. There
are many kinds of acute pain models including acetic
acid-induced writhing, formalin-induced inflammation
and hot plate test, and chronic pain models including
SCI and peripheral nerve injury. But each animal

model has shortcomings and limitations,*’ two or more
animal models should be considered for the validity in
clinical application. Unlike other acute pain models, hot
plate test is capable of predicting a potency ranking of
analgesics corresponding to clinical dosing in postopera-
tive pain.®® It is a common model of thermal-induced
nociception used to evaluate central action.”’
Therefore, it is a quick and safe method to evaluate cen-
tral effect of CNT. Peripheral nerve injury models
include chronic constriction injury model, partial sciatic
nerve ligation model, and spinal nerve ligation, which
rely on traumatic injury to a single nerve, but they
differ not only in duration and magnitude of sensory
changes, signs of spontaneous pain but also in technical
difficulty and reproducibility.’® SCI models are typical
for central neuropathic pain such as contusion injury,
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Table I. Effects of CNT on ROS and ATP in brain tissue of mice.

Corpus striatum Spinal cord Hippocampus
ROS (Y/mg ATP (umol/mg ROS (Y/mg ATP (umol/mg ROS (Y/mg ATP (umol/mg

Groups protein) protein) protein) protein) protein) protein)
Normal saline 96+ 9* 861 +62° 87+8° 376 +£32° 78+ 9% 436 + 40°

Sham 116+ 12° 747 + 68° 127 + 14° 361 +£29° 108+ 112 397 +35°

Injury 239420 308 +26 224 +21 69+7 250 +20 64+8

CNT LD 136+ 16° 660 + 79 164+ 17° 282+ 13° 162+ 18° 305 + 35°
CNT LD+DPCPX 222 +29° 358 +39° 218+ 19° 124 + 16*° 234+22° 130+ 16*°

CNT LD+ZM241385 152+ 162 625+ 78° 180+ 19° 259 +31° 175+ 19 277 £32°

CNT HD 187+ 17° 465+ 56° 191+ 172 191+ 172 190+ 172 226+ 13°
CNT HD+DPCPX 202+ 19 321 +21° 214+ 17 113 +£8* 235+31° 183 4+ 19*°

CNT HD+2ZM241385 134+ 16*° 708 +72*° 155+ 18*° 378 +£39*° 153 +20*° 315+30*°

Mice groups of CNT LD and HD received 25 ng/kg and 100 pg/kg i.p., respectively; | h later after administration of CNT, mice in CNT+DPCPX or
CNT+ZM241385 groups were intraperitoneally injected with DPCPX (2 mg/kg) or ZM241385 (I mg/kg). Data were represented as x +s, n=28. a, p < 0.05
as compared to compression injury group; b, p <0.05 as compared to CNT group at corresponding dose.

CNT: cobra neurotoxin; LD: low dose; HD: high dose.

(a) 1 2 3 4 5 6 7 8 9

—— — e ..- -—
L=

GADPH T e S S S S — 36 KD

(b) [—_1Optical density

ZM241385
W7z DPCPX

0.4 ab
]L ab

%

o
w
1

Optical density
o
n
1

N
ANty

T
CNTLD

) m
0.0 ﬁ T T T
NS Sham Injury

Group

Figure 3. Expression of p-ERK 1/2 in corpus striatum of mice
with spinal cord injury. (a) Western blotting, (b) optical density of
the bands. Lanes | to 9 represent the groups of normal saline (NS),
sham, compression injury, CNT LD (25 pg/kg), CNT
LD+ZM241385, CNT LD+DPCPX, CNT HD (100 pg/kg), CNT
HD+7ZM241385, CNT HD+DPCPX, respectively. Data were
represented as X £ s, n=8. a, p < 0.05, compared with CNT group
in corresponding dose; b, p < 0.05, compared with the group of
ZM241385 in corresponding CNT dose.

excitotoxic injury, and photochemical injury, etc., among
them the contusion injury has been applied in this experi-
ment because of high reproducibility and similarity to
human spontaneous pain.>

Only female mice were used in the hot plate test
because of the model limitation, but in order to make
unbiased results, both male and female mice are better to
be used for the SCI model. It is reported that adaptive
immune cells, possibly T cells, may mediate pain hyper-
sensitivity in female mice.?' It shows gender differences
in pain expression, especially when immune system is
involved. But immune-related inflammation is one of
the factors inducing pain, the changes in function, chem-
istry, and structures of neurons (neural plasticity) under-
lie the production of the altered sensitivity characteristics
of neuropathic pain.*? SCI-induced pain are attributed
to the nerve loss of central inhibition and the develop-
ment of behavioral hypersensitivity in a contusive SCI
paradigm.®® In our experiments, no significant difference
between male and female has been found in the contu-
sion SCI model, suggesting that immune cells are not
main pain inducing factors, instead, neurotransmitters
plays an important role in pain.

Role of AjRs and A,4Rs in CNT actions

A1Rs and A,oRs have contrary effects on pain: activa-
tion of A;Rs causes antinociception, and activation of
A,ARs produces pronociception.'? Blocking of A;Rs and
AsaRs separately improves CNT’s analgesic and hyper-
algesic effects, indicating that CNT takes effects through
adenosine receptors. The difference of CNT’s affinity to
A;Rs and A,,Rs may contribute to its dose effects. CNT
has higher affinity to A;Rs than A,sRs, therefore, it
shows analgesic effects at lower dose and hyperalgesic
effects at higher dose.

Adenosine receptors are widely distributed in central
tissues, and corpus striatum is the major site of A;Rs and
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Figure 4. The mechanism of analgesic and hyperalgesic effects of cobra neurotoxin.
ROS: reactive oxygen species; ATP: adenosine triphosphate; MAPK: mitogen-activated protein kinases; ERK: extracellular signal-regulated

protein kinase.

A,aRs.? Because spinal cord is the injured tissue rele-
vant to pain signals as reported,** and hippocampus is
the major specific site of CNT.** The three tissues of
spinal cord, corpus striatum, and hippocampus were
selected for the detection of ROS and ATP so as to
reveal the relationship between CNT and adenosine
receptors in pain. There are marked changes of ATP in
striatum, further proving the correlation between CNT
and A;Rs and AARs.

Involvement of ROS and ATP in pain signal pathways
and CNT actions

ROS, the metabolic products of aerobic respiration
including singlet oxygen ('O,), hydrogen peroxide
(H>0,), hydroxyl radical (*OH), superoxide anion
(0,°7), and lipid peroxide radical (ROO?®). etc., mainly
distribute in mitochondria®® and could directly damage
mitochondria structure resulting in the adenosine
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accumulation after SCI.*” Preliminary studies denoted
that increase of ROS production or decrease of ROS
elimination would enhance central algesthesia sensitiza-
tion.*® ATP is the main energetic material produced in
mitochondria for signal transduction process® and is
closely related with adenosine and adenosine recep-
tors.***! Therefore, ROS and ATP are upstream signal
molecules of adenosine receptor pathway. Our data show
that CNT has the effects of adjustment on ROS and
ATP, but CNT is not a free radical scavenger and phos-
phokinase without anti-oxidative groups and phosphate
groups in its structure, and cannot interact with ROS
and ATP directly. On the other hand, adenosine can
mediate its actions through generation of ROS from
NADPH oxidase and mitochondrial sources.** The
counterpart of ATP is adenosine, which is produced by
breakdown of intra- or extracellular ATP, and adenosine
transforming to ATP is helpful for elimination of ROS.
CNT might reduce ROS and increase ATP through
down regulation of adenosine and improving transform-
ation of adenosine to ATP.

The family of MAPK, a group of serine/threonine
protein kinases activated by diverse extracellular stimuli
such as hormones and growth factors, etc.,** are import-
ant in the nociception-related processes and plasticity.**
It consists of three separate signal pathways: ERK, p38
MAPK, and c-Jun N-terminal kinase. ERK plays a crit-
ical role in neuronal plasticity to nociceptive responses in
inflammation and/or nerve injury.*> In several animal
models of neuropathic pain, ERK inhibitors could effect-
ively alleviate pain.*® On the other hand, ERK activation
by multiple neurotransmitter receptors and different
second messengers is involved in central sensitization
through regulating the activities of receptors and chan-
nels and inducing gene transcription.*” Therefore, the
MAPK/ERK pathway could participate in the two
ways regulation of CNT process.

Main mechanism of neuropathic pain is the peripheral
sensitization of primary sensory neuron and the central
sensitization of spinal dorsal horn, which are regulated
by the activation of ERK.***** The noxious stimulation
activates MAPK/ERK signal pathway via receptors,
protein kinases, or ion channels to phosphorylate the
substrate proteins and change synaptic plasticity leading
to pain sensitization.”® Here, A;Rs activated by CNT
competes with noxious stimulation including ROS and
adenosine, resulting in the inhibition of ERK phosphor-
ylation and the interruption of pain signals transmission
via MAPK/ERK pathway so as to achieve the central
analgesia, but excess CNT further activates A,,Rs lead-
ing to the sensitization. This mechanism was illustrated
in Figure 4. The CNT in LD could selectively act on
A|Rs rather than A,,Rs, possibly because it has stronger
binding power to A;Rs.

Conclusion

The central analgesic effects of CNT have been demon-
strated by hot plate test in mice and SCI model of mice.
LD of CNT improves pain threshold and locomotive
behavior, but HD of CNT causes hyperalgesic effects.
The action of CNT is related to adenosine receptors
pathway. CNT decreases ROS and increases ATP in
mice brain tissues leading to reduction of pain inducers;
on the other hand, it interrupts the transmission of pain-
ful signals via MAPK/ERK pathway through activation
of A;Rs by CNT instead of adenosine. But the painful
sensitivity is obviously heightened when excessive CNT
is administered because of its activation on A,,Rs.
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