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Background. Visceral pain is one of the most common types of pain and particularly in the abdomen is associated with
gastrointestinal diseases. Bulleyaconitine A (BAA), isolated from Aconitum bulleyanum, is prescribed in China to treat chronic
pain. The present study is aimed at evaluating the mechanisms underlying BAA visceral antinociception. Methods. The rat
model of chronic visceral hypersensitivity was set up by colonic perfusion of 2,4,6-trinitrobenzene sulfonic acid (TNBS) on
postnatal day 10 with coapplication of heterotypic intermittent chronic stress (HeICS). Results. The rat model of chronic visceral
hypersensitivity exhibited remarkable abdominal withdrawal responses and mechanical hyperalgesia in hind paws, which were
dose-dependently attenuated by single subcutaneous of administration of BAA (30 and 90 ug/kg). Pretreatment with the
microglial inhibitor minocycline, dynorphin A antiserum, and x-opioid receptor antagonist totally blocked BAA-induced
visceral antinociception and mechanical antihyperalgesia. Spontaneous excitatory postsynaptic currents (sEPSCs) in spinal
dorsal horn lamina II neurons were recorded by using whole-cell patch clamp. Its frequency (but not amplitude) from TNBS-
treated rats was remarkably higher than that from naive rats. BAA (1 uM) significantly reduced the frequency of sEPSCs from
TNBS-treated rats but not naive rats. BAA-inhibited spinal synaptic plasticity was blocked by minocycline, the dynorphin A
antiserum, and x-opioid receptor antagonist. Dynorphin A also inhibited spinal synaptic plasticity in a x-opioid receptor-
dependent manner. Conclusions. These results suggest that BAA produces visceral antinociception by stimulating spinal
microglial release of dynorphin A, which activates presynaptic x-opioid receptors in afferent neurons and inhibits spinal
synaptic plasticity, highlighting a novel interaction mode between microglia and neurons.

1. Introduction

Visceral pain refers to pain caused by noxious stimuli to
activate nociceptors in the internal organs such as those in
the chest and abdomen. It is one of the most common types
of pain in clinic and particularly in the abdomen is often asso-
ciated with gastrointestinal diseases, such as irritable bowel
syndrome, functional dyspepsia, and inflammatory bowel dis-
ease. Colonic inflammation in patients sensitizes primary

afferent neurons to cause visceral pain [1]. In addition, stress
in life can also induce visceral hypersensitivity or pain [2-4].
Currently, chronic visceral pain is still hard to be treated clin-
ically [5-7]. As a result, investigators are committed to
searching for more effective means to alleviate visceral pain.
Bulleyaconitine A (BAA) is a diterpenoid alkaloid isolated
from Aconitum bulleyanum, belonging to the “aconitine-
like” alkaloids. In the formulations of tablets, intramuscular
injections, and soft gel capsules, it has been used for
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treatment of chronic pain since it was approved in 1985 in
China [8, 9]. BAA exhibits somatic antinociception in many
rodent models of painful hypersensitivity, including
formalin-induced tonic hyperalgesia [9], spinal nerve liga-
tion- and paclitaxel-induced neuropathic pain, and bone can-
cer pain [10, 11]. However, the antinociceptive effect of BAA
on visceral pain has not yet been systemically investigated.
Various proposals have been postulated for the mecha-
nisms underlying the antinociceptive effects of BAA or its
analogs. Voltage-dependent sodium (Nav) channels, such as
Navl.7, Navl.8, and Navl.9 channels, are promising target
molecules for the treatment of neuropathic pain and other
chronic pain [12-15]. Interactions with Nav channels were
extensively reported to be associated with the antinociceptive
effects of BAA and its analogs. Previous studies showed that
the state-dependent blockade of Nav1.7 and Nav1.8 channels
in afferent neurons has been suggested to contribute to BAA-
induced long-term cutaneous antinociception as an adjuvant
in rats [8]. The latest research showed that BAA attenuated
hyperexcitability of dorsal root ganglion neurons induced by
spared nerve injury by the use-dependent blockade of
tetrodotoxin-sensitive Nav1l.3 and Navl.7 channels [11]. In
addition, it was proposed that activation of the descending
inhibitory transmission by norepinephrine and serotonin
was associated with the antinociceptive effects of BAA and
its analogs mesaconitine, 3-acetylaconitine, and lappaconitine
[9, 16, 17]. In contrast, our laboratory recently demonstrated
that BAA and its analogs aconitine, bullatine, and lappaconi-
tine, given subcutaneously or intrathecally, blocked the spinal
nerve ligation-induced neuropathic pain by the stimulation of
the spinal microglial expression of dynorphin A [10, 18-20].
The current study is aimed at evaluating the antinocicep-
tive effect of BAA in the model of visceral hypersensitivity
and testing the hypothesis that the mechanism underlying
BAA visceral antinociception was through stimulating the
spinal microglial extension of dynorphin A. We first set up
a rat model of colonic hypersensitivity by colonic perfusion
of TNBS (2,4,6-trinitrobenzene sulfonic acid), followed by
application of heterotypic intermittent chronic stress
(HeICS), and then tested the visceral antinociceptive effect
of BAA. Later on, the microglial inhibitor minocycline,
dynorphin A antiserum, and x-opioid receptor antagonist
nor-NBI were employed to intervene BAA antinociception.
Moreover, BAA was reported to inhibit C-fiber-stimulated
long-term potential and enhanced spinal synaptic transmis-
sion from paclitaxel-induced neuropathic rats [21]. We
postulated that the dynorphin A released from microglia
would activate presynaptic x-opioid receptors of afferent
neurons leading to inhibition of spinal synaptic plasticity
and central sensitization. Thus lastly, the recording of spon-
taneous excitatory postsynaptic currents (SEPSCs) of spinal
dorsal horn, by using whole-cell patch clamp technique,
was set up from TNBS-treated rats to test the possible
inhibitory effect of BAA on spinal synaptic plasticity.

2. Material and Methods

2.1. Drugs and Reagents. Bulleyaconitine A (BAA), minocy-
cline, and nor-binaltorphimine dihydrochloride (nor-BNI)
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were purchased from Zelang Bio-Pharmaceutical (Nanjing,
China), Yuanye Biotech (Shanghai, China), and Abcam
(Cambridge, United Kingdom), respectively. TNBS (2,4,6-
trinitrobenzene sulfonic acid) and 5'-guanidinonaltrindole
(5'-GNTI) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Dynorphin A (1-17) of YGGFLRRIRPKLKWDNQ
was synthesized by Dan Gang Peptides Co. (Hangzhou, China)
with its purity not less than 98%. The rabbit dynorphin A
antiserum was purchased from Phoenix Pharmaceuticals
(Burlingame, CA, USA), with its specificity to dynorphin A
(100%), but not to dynorphin B (0%), -endorphin (0%), a-
neo-endorphin (0%), or leu-enkephalin (0%), according to the
manufacturer’s description. Its specificity was also validated
by the antigen absorption test from other laboratories [22,
23]. All of the reagents and drugs were diluted or dissolved
in 0.9% normal saline or artificial cerebrospinal fluid (ACSF)
except for TNBS which was dissolved in the 10% ethanol/90%
saline solution.

2.2. Animals. Female Sprague-Dawley pup rats with a nur-
turing mother were obtained from Qianbi Biotechnology
Company (Shanghai, China). These pup rats were weaned
at 22 days of age and then housed three per cage. The animals
were housed in a controlled environment (12/12 hr light-dark
cycle, 23°C), receiving water and food ad libitum. The
researchers were blinded for the behavior tests. The research
protocols were approved by the Experimental Animal Com-
mittee of Shanghai Jiao Tong University School of Medicine
following the Animal Care Guidelines of National Institutes
of Health.

2.3. Induction of Neonatal Colonic Inflammation. To induce
neonatal inflammation, TNBS (130mg/kg, equaling to
2.86 mg for the approximately 22-gram pups, dissolved in
200 pl saline containing 10% ethanol) was injected intralum-
inally 2 cm into the colon of female pups on postnatal day 10.
The neonatal pup rats were mildly anesthetized with 2%
isoflurane during colonic perfusion. The pups in the control
group were perfused with the same volume of saline. For
preventing leakage from the colons, the pups were put in a
head down posture and the anus were closed for approxi-
mately 2 minutes [24, 25].

2.4. Heterotypic Intermittent Chronic Stress (HelCS). The
HelCS protocol which involved daily and multiple stressors
was proven to induce anxiety-like behaviors and visceral
hypersensitivity in the adult rats [26-30]. Four randomly
arranged types of stress experiments, i.e., water avoidance
stress, cold restraint stress, forced swimming stress, and
electricity foot shock, in a variable schedule for consecutive 2
weeks were applied to rats previously subjected to the TNBS
or to saline rats. The four kinds of stress experiments were cir-
cled to the same rat in sequence and a stress experiment was
conducted in the morning and afternoon, respectively. The
control group rats were kept undisturbed except for changing
cages. For the water avoidance stress, the rats were placed for 2
hours on a cylinder (6 cm diameter x 15 cm high) as an island
in the middle of the plastic container (60 x 60 x 60 cm) filled
with water within 2-3cm from the top. For the forced
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swimming stress, the rats were forced to swim for 20 minutes
in a plastic container (21 cm diameter x 55 cm high) filled to
a 25cm depth below the top of the container with water at
a temperature of 25+ 1°C. For the cold restraint stress,
the rats were restrained in a transparent plastic container
(5 diameter x 10 cmlong) with 10~15 holes to ensure nor-
mal breathing. The restraining container was placed in a
refrigerator at 4°C for 45 minutes. For the electricity foot
shock, the rats were placed in the fear conditioning box
(15high x 16 wide x 20 cmlong), and the electricity shock
current was 0.5mA continuously for 10 seconds, repeating
30 times with an interval of 1 minute.

2.5. The Rat Intrathecal Injection. The intrathecal injection
method was undertaken as described previously [31, 32]. In
brief, rats were anesthetized with 2% isoflurane and the lum-
bar region of the back and lateral surface of the left thigh was
shaved. A 50 yl Hamilton syringe attached with a 27-gauge
needle was inserted between the L5 and L6 vertebra until
the intrathecal space was reached as indicated by tail twitch.
The drug or the vehicle was injected in a volume of 10 ul.

2.6. Evaluation of Visceromotor Response to Graded Colorectal
Distention. The visceral hypersensitivity was evaluated by
grading the response to colorectal distention as described pre-
viously [33]. For compliance, the balloons (7-8 mm diameter)
were inflated overnight to stretch the latex the day before the
abdominal withdrawal reflex evaluation. Rats, fasted 24 hours
earlier, were anesthetized with isoflurane and the balloon
coated with glycerinum was inserted into the colon and fixed
with the tail 2-3 cm from the anus. The balloon was connected
to the desktop sphygmomanometer through a T-branch pipe.
Rats were given 30 minutes to accommodate the environ-
ment after they woke up. The balloon was then distended at
four different pressures (20, 40, 60, and 80 mmHg) of graded
colorectal distension. The distention at each pressure was
maintained for 20 seconds at an interval of 5 minutes and
repeated for three times. After colorectal dilatation, the rats
gradually exhibited abdominal withdrawal responses at each
pressure. The rating criteria of abdominal withdrawal reflex
were as follows: 0, rats had no significant changes in behaviors;
1, rats did not move or only had simple head movements; 2,
the abdominal muscles began to contract; 3, the low abdomi-
nal walls were lifted off the bottom of the box or significantly
contracted and flattened; and 4, the abdominal walls were
accompanied the bodies and pelvises were arched or the
testicles were lifted.

2.7. Test of Mechanical Hyperalgesia. To evaluate mechanical
hyperalgesia, the rats were brought into the testing room and
placed in a plexiglass box, which was on a metal grid
(0.5x0.5cm). Then rats were adapted to the test environ-
ment for at least 30 minutes. The hind paw withdrawal
thresholds were measured using a 2450 CE Electronic Von
Frey hair (IITC Life Science, Woodland Hill, CA, USA). An
electronic hand-held transducer with a number 15 monofila-
ment was used perpendicularly to the medial surface of hind
paws with a gradually increasing force (ranging from 0.1 to
90g) until the rats suddenly licked or withdrew their hind

paws. The lowest force that produced a withdrawal response
was recorded automatically and considered as the paw with-
drawal threshold. Three repeated measurements were made
at each time-point with an interval of approximately 3
minutes, and their threshold values were averaged.

2.8. Spinal Cord Slice Preparation. The methods to obtain the
rat spinal cord slice preparations were described previously
[34]. In brief, the 4-week-old rats were deeply anesthetized
and the L4-L6 lumbar enlargements were quickly moved to
the preoxygenated and ice-cold-modified ACSF which con-
tained (in mM) 80 NaCl, 2.5 KCl, 1.25 NaH,PO,, 0.5 CaCl,,
3.5 MgCl,, 25 NaHCO,, 75 sucrose, 1.3 sodium ascorbate,
and 3.5 sodium pyruvate, with pH7.4 and osmolality of
310-320mOsm. After opening the dura and cutting the
dorsal root, the spinal cord was cut into 400 ym slices on a
VT1000S vibratome (Leica, Germany). Slices were then incu-
bated for about 1 hour at 35°C in a preoxygenated solution
containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,,
1.25 NaH,PO,, 26 NaHCO;, 25 D-glucose, 1.3 sodium
ascorbate, and 3.0 sodium pyruvate, with a pH of 7.2 and
measured osmolality of 310-320mOsm. The spinal cord
slices were then transferred into a submerged recording
chamber and perfused with the preoxygenated recording
solution at 3 ml/min before whole-cell recording.

2.9. Whole-Cell Patch Clamp Recording. The whole-cell
recording was conducted in spinal dorsal horn neurons with a
glass microelectrode, which was made from thin-walled, glass-
capillary tubings (1.0 mm OD, 0.5 mm ID; Sutter Instruments,
Novato, CA, USA) with a horizontal puller (P-87, Sutter Instru-
ments). Their osmolality was 7-12 MQ when they were filled
with the pipette solution containing the following (in mM):
130 potassium gluconate, 4 Na,ATP, 5 KCI, 20 HEPES, 0.5
NaGTP, and 0.5 EGTA, with a pH of 7.3 and measured
osmolality of 310-320 mOsm. After a gigaseal formation (seal
resistance: 2-50 GQ2), the membrane was ruptured to obtain
the whole-cell voltage clamp configuration.

For the sEPSC recording, 10 uM bicuculline and 2 yM
strychnine were added to the bath solution to prevent the
inhibitory responses. Spinal dorsal horn neurons in lamina
IT were voltage clamped at -70 mV. Series resistances for all
spinal dorsal horn neurons recorded in this research were
within 30 MQ. Data were obtained and analyzed by using
the Axoclamp 200B amplifier and pCLAMP software (Axon
Instruments, Foster City, CA, USA). The drugs were both
applied by exchanging a perfusion solution which contained
a known drug concentration.

2.10. Statistical Analyses. All data are presented as
mean + standard error of mean (SEM). A one-way and
repeated-measures two-way ANOVA followed by Fisher’s
post hoc analysis was used for comparison of means of
each group. P<0.05 was considered statistically signifi-
cant for the differences.

3. Results

3.1. TNBS Perfusion and HeICS Application-Induced Visceral
Nociception and Mechanical Allodynia. Four groups of pup
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F1GURE 1: Timeline of the visceral hypersensitivity experimental protocols (a). Abdominal withdrawal reflexes to graded colorectal distention
(b) and hind paw withdrawal thresholds to mechanical stimuli (c) in control-, TNBS-, HeICS-, and TNBS+HeICS-treated rats. The visceral
hypersensitivity protocols included colonic perfusion of TNBS on postnatal day 10, and 4 weeks later followed by two weeks of HeICS, which
included water avoidance stress, cold restraint stress, forced swimming stress, and electricity foot shock. The data are presented as means
+SEM (n =8 in each group). * and # denote P <0.05 compared to the saline control and TNBS, HeICS, or TNBS+HeICS treatment,
respectively, by one-way or repeated-measures two-way ANOVA followed by Fisher’s post hoc analysis.

rats were subjected to colonic perfusion of normal saline or
TNBS colonic inflammation on postnatal day 10, and 4 weeks
later followed by two weeks of HeICS, which included water
avoidance stress, cold restraint stress, forced swimming
stress, and electricity foot shock (Figure 1(a)). The abdominal
withdrawal reflexes to graded colorectal distention and hind
paw withdrawal thresholds to mechanical stimuli were
measured after the last time of HeICS application. As shown
in Figure 1(b), colorectal distension by balloon inflation
induced abdominal withdrawal responses in a pressure-
dependent manner (20-80 mmHg). Either perfusion with
TNBS or application of HelCS significantly lifted colorectal
distension-induced pressure-response curve, compared to
the control rats (P < 0.05 by the repeated-measures two-way
ANOVA followed by Fisher’s post hoc analysis). More signif-
icantly, double treatments with TNBS perfusion and
subsequently HeICS application exacerbated abdominal
hypersensitivity scores, which were greater than those of
either TNBS treatment or HeICS application alone (P < 0.05
by repeated-measures two-way ANOVA followed by Fisher’s
post hoc analysis). In addition, hind paw withdrawal thresh-
olds were measured by using electric Von Frey hairs. TNBS
treatment and HeICS application each significantly reduced

paw withdrawal thresholds compared to the control rats.
More significantly, double treatments with TNBS perfusion
and HelCS application reduced hind paw withdrawal thresh-
olds, which were lower than those of TNBS perfusion or
HelCS application alone (P <0.05 by one-way ANOVA
followed by Fisher’s post hoc analysis). Thus, the rats doubly
challenged with TNBS perfusion and HeICS application were
later used to test the antinociceptive effects of BAA.

3.2. Subcutaneous Administration of BAA Produced Visceral
Antinociception. Three groups of TNBS+HeICS-treated rats
received a single subcutaneous injection of normal saline
(1 ml/kg) or BAA (30 or 90 ug/kg). Based on our previous
finding that BAA in neuropathic rats exhibited peak
antihypersensitivity effect at 1 hour after its subcutaneous
administration [10], the visceral antinociceptive effect of
BAA was evaluated 1 hour after its injection. As shown in
Figure 2(a), colorectal distension by balloon inflation
induced pressure-dependent abdominal withdrawal hyper-
sensitivity in saline-treated rats. Subcutaneous injection of
BAA (30 and 90ug/kg) dose-dependently lowered the
pressure-response curve (P<0.05 by repeated-measures
two-way ANOVA followed by Fisher’s post hoc analysis).
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way ANOVA followed by Fisher’s post hoc analysis.

Similarly, the mechanical antihyperalgesic effect of BAA was
also measured 1 hour after injection. Double treatments with
TNBS+HeICS in hind paws produced mechanical hyperalge-
sia, which was dose-dependently reduced by BAA injection
(P<0.05 by one-way ANOVA followed by Fisher’s post
hoc analysis; Figure 2(b)).

3.3. BAA-Induced Visceral Antinociception Was through
Stimulation of Spinal Microglial Expression of Dynorphin A.
BAA and its analogs bullatine and lappaconitine have been
demonstrated to specifically stimulate dynorphin A expres-
sion in spinal microglia [10, 18]. To test whether BAA
produced visceral antinociception in a microglia-dependent
manner, the microglia inhibitor minocycline [35, 36] was
applied. Four groups of TNBS+HeICS-pretreated rats
received two treatments after the last stress application.
These two treatments were intraperitoneal injection of
normal saline (1 ml/kg) or minocycline (30 mg/kg) followed
2 hours later by subcutaneous injection of saline (1 ml/kg)
or BAA (90 ug/kg). The abdominal and hind paw behavior
tests were undertaken 1 hour after the last injection. Com-
pared to the saline-treated rats, subcutaneous injection of
BAA inhibited TNBS+HeICS-induced abdominal withdrawal
responses. Although intraperitoneal injection of minocycline
did not significantly affect baseline abdominal withdrawal
responses, its pretreatment completely blocked BAA-
induced visceral antinociception in the abdomen (P < 0.05
by repeated-measures two-way ANOVA followed by Fisher’s
post hoc analysis; Figure 3(a)). The inhibitory effect of mino-
cycline was also confirmed in BAA-induced mechanical anti-
hyperalgesia in hind paws (P <0.05 by one-way ANOVA
followed by Fisher’s post hoc analysis; Figure 3(b)).

To test whether BAA produced visceral antinociception
through stimulation of the expression of dynorphin A, the
dynorphin A antiserum [10, 18] was applied. Six groups of
TNBS+HelCS-pretreated rats received two treatments after
the last stress application. These two treatments were intra-
thecal injection of saline (10 ul), blank rabbit serum (1:10
dilution, 10 ul), or dynorphin A antiserum (1:10 dilution,
10 pl), and followed 0.5 hours later by subcutaneous injection
of saline (1 ml/kg) or BAA (90 ug/kg). The abdominal and
hind paw behavior tests were undertaken 1 hour after the last
injection. Compared to the saline control, subcutaneous
injection of BAA produced significant visceral antihypersen-
sitivity effect. Intrathecal injection of blank serum or the
dynorphin A antiserum did not significantly affect baseline
visceral hypersensitivity thresholds. However, the pretreat-
ment with intrathecal injection of the dynorphin A antiserum
(but not blank serum) completely inhibited subcutaneous
injection of BAA-induced visceral antinociception in the
abdomen (P < 0.05 by repeated-measures two-way ANOVA
followed by Fisher’s post hoc analysis; Figure 3(c)). The
complete inhibitory effect of the dynorphin A antiserum was
also confirmed in BAA-induced mechanical antiallodynia in
hind paws (P < 0.05 by one-way ANOV A followed by Fisher’s
post hoc analysis; Figure 3(d)).

Dynorphin A is known to produce antinociception by
acting on k-opioid receptors [37-39]. Thus, we further tested
whether BAA also exerted visceral antihypersensitivity effect
through x-opioid receptors by using the x-opioid receptor
antagonist nor-BNI [40]. Four groups of TNBS+HeICS-pre-
treated rats received two treatments after the last stress appli-
cation. These two treatments were subcutaneous injection of
normal saline (1 ml/kg) or nor-BNI (10 mg/kg), and followed
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abdomen and mechanical antihyperalgesia in hind paws
(P<0.05 by one-way or repeated-measures two-way
ANOVA followed by Fisher’s post hoc analysis).

3.4. BAA Reduced TNBS-Enhanced Synaptic Transmission in
Spinal Dorsal Horn Neurons. As shown in Figure 1(c) and
even in our previous studies, the rats in TNBS treatment
group showed an obvious and excellent performance in
visceral pain phenotype, compared to the control group.
Moreover, sEPSCs in spinal dorsal horn lamina II neurons
were recorded during 4 weeks. Hence, to simplify the model-
ing method in subsequently recording the sEPSCs, we
compared spinal dorsal horn synaptic transmission between
naive rats and TNBS-pretreated rats. Two groups of pup rats
received colonic perfusion of normal saline and TNBS,
respectively, on the tenth day of birth. Eighteen days later,
the rats were killed and the spinal enlargements were
removed. The sEPSCs were recorded in dorsal horn lamina
IT neurons by using the whole-cell patch clamp. As shown
in the representative traces in Figures 4(a) and 4(b) and
further analysis using the pPCLAMP software in Figures 4(c)
and 4(d), the frequency of sEPSCs in dorsal horn neurons
from TNBS-treated rats was significantly higher than that
from the naive rats (P < 0.05 by one-way ANOVA followed
by Fisher’s post hoc analysis). However, there were no signif-
icant changes in the amplitude of SEPSCs between naive and
TNBS-treated rats. The results indicate an enhanced spinal
synaptic transmission or synaptic plasticity was established
in the visceral hypersensitivity state induced by TNBS.

Furthermore, the inhibitory effect of BAA, dissolved in
the ACSF perfusion solution, on sEPSCs was tested. As
shown in Figure 4, perfusion of 1M BAA for 10 minutes
significantly reduced the frequency of sEPSCs in dorsal horn
neurons from TNBS-treated rats (P <0.05 by one-way
ANOVA followed by Fisher’s post hoc analysis). However,
BAA failed to alter the frequency of sEPSCs in dorsal horn
neurons from naive rats. In contrast, treatment with BAA
did not significantly change the amplitude of SEPSCs either
from naive rats or from TNBS-treated rats.

3.5. Minocycline, the Dynorphin A Antiserum, and 5'-GNTI
Blocked BAA- and Dynorphin A-Induced Inhibition of
Spinal Synaptic Plasticity. To confirm the causal role of the
microglial expression of dynorphin A in BAA-induced inhi-
bition of spinal synaptic plasticity, the microglial inhibitor
minocycline and the dynorphin A antiserum were employed
in the sEPSC recording assay. As shown in Figures 5(a)-5(c),
perfusion with 1uM of BAA for 10 minutes significantly
reduced the frequency of sEPSCs without changing the
amplitude. However, pretreatment (30 minutes earlier) with
perfusion of minocycline (10 uM) [41], dissolved in ACSF
perfusion solution, completely blocked BAA-inhibited
enhanced frequency of sEPSCs in spinal dorsal horn neurons
from TNBS-treated rats (P <0.05 by one-way ANOVA
followed by Fisher’s post hoc analysis), although it did not
significantly alter the baseline values of enhanced synaptic
transmission. Similarly, perfusion of the dynorphin A antise-
rum (1:50 dilution), dissolved in the ACSF perfusion
solution, did not significantly alter baseline synaptic trans-

mission. However, its pretreatment (30 minutes earlier)
totally reversed BAA-induced inhibition of enhanced
frequency of sEPSCs in spinal dorsal horn neurons from
TNBS-treated rats (P < 0.05 by one-way ANOVA followed
by Fisher’s post hoc analysis) but did not significantly affect
the amplitude of sSEPSCs (Figures 5(d)-5(f)).

To further explore the association between activation of
k-opioid receptors and BAA-inhibited enhanced spinal
synaptic transmission, the blockade effects of the specific x-
opioid receptor antagonist 5’ -GNTI [42, 43] were employed.
As exhibited in Figures 6(a)-6(c), pretreatment (30 minutes
earlier) with bath application of 5'-GNTI (1 uM), dissolved
in the ACSF perfusion solution, totally blocked BAA-
inhibited enhanced frequency (but not amplitude) of sEPSCs
in spinal dorsal horn neurons from TNBS-treated rats
(P <0.05 by one-way ANOVA followed by Fisher’s post
hoc analysis), although it did not significantly alter baseline
synaptic transmission. Moreover, perfusion with exogenous
dynorphin A (1 M) [44] for 15 minutes in spinal dorsal
horn neurons significantly inhibited enhanced frequency
(but not amplitude) of sEPSCs, which was entirely blocked
by pretreatment (30 minutes earlier) with perfusion of 5’
-GNTI (1 uM) (P <0.05 by one-way ANOVA followed by
Fisher’s post hoc analysis; Figures 6(d)-6(f)).

4. Discussion

Early adverse experience could change neurological and
endocrinological responses to stress later in life, which is man-
ifested as enhanced responses to visceral pain and cutaneous
stimulation [45-47]. There is an inevitable relationship
between the surface reaction of human body and the changes
of internal organs. The previous studies also proved that
visceral lesions do have corresponding reactions on the body
surface, such as visceral pain, accompanied by radiation pain
on the body surface, i.e., referred pain. There is a kind of cross
talk between different tissues and organs. The autonomic
nerves of the viscera may be mixed with the pain nerves in a
certain section of the spinal cord, resulting in visceral lesions
which are often reflected in the pain of the surface area
responsible for the spinal cord, which is mentioned to as
“referred pain.” Visceral lesions are often accompanied by
referred pain, and organic visceral pain can often find a more
fixed skin sensitive zone. Hyperalgesia can also be interpreted
as the formation of afferent nerve fibers from diseased visceral
organs and involved body parts, which enter the spinal cord
from the same posterior root and converge to the same neu-
rons in the thalamic tract of the spinal cord. Hence, besides
the visceromotor response to graded colorectal distention,
hind paw mechanical hyperalgesia is mostly adopted to assess
chronic hypersensitivity in animal models. Rats in our current
study received TNBS perfusion on postnatal day 10, and
HeICS application later developed remarkable abdominal
cutaneous hyperalgesia and hind paw mechanical hyperalge-
sia. In this model of chronic visceral hypersensitivity, subcuta-
neous administration of BAA dose-dependently reduced
abdominal withdrawal responses and mechanical hyperalge-
sia in hind paws. The results indicate that BAA produces
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visceral antinociception in the model of chronic visceral
hypersensitivity induced by the combination of TNBS+HeICS
treatments and expand its analgesic spectrum. BAA and its
analogs aconitine, bullatine, and lappaconitine have been
extensively reported to exhibit antinociception in various
somatic painful hypersensitivity models, such as spinal nerve
ligation- and paclitaxel-induced neuropathic pain, formalin-
and complete Freund’s adjuvant-induced inflammatory pain,
bone cancer pain, and diabetic pain [10, 18, 19, 21]. It should
be noted that, although we did not test it in the current study,
BAA and its analogs have been shown to have slight or little
inhibitory effects on normal pain thresholds in naive rats or
in the contralateral hind paws of unilateral peripheral nerve
injury-induced neuropathic rats [10, 11, 21]. All the results
taken together suggest that aconitum alkaloids particularly
BAA produce specific antinociception in both somatic and
visceral hypersensitivity states.

We have further demonstrated that BAA produced
visceral antinociception by stimulation of spinal microglial
expression of dynorphin A. This conclusion is supported by
the following findings. (1) Our previous study revealed that
BAA and its analogs aconitine, bullatine, and lappaconitine
specifically stimulated the expression of dynorphin A in pri-
mary cultures of microglia but not of astrocytes or neurons
from neonatal and adult rats, even though the latter two types
of cells also expressed and secreted dynorphin A. Moreover,

intrathecal injection of aconitines particularly BAA specifi-
cally stimulated microglial (but not astrocytic or neuronal)
expression of dynorphin A in both the contralateral and ipsi-
lateral spinal cords of neuropathic rats [10, 18, 19, 48]. (2)
The visceral antinociceptive effect of BAA, given subcutane-
ously, was completely blocked by the pretreatment with intra-
peritoneal injection of the microglia inhibitor minocycline.
(3) Particularly, the pretreatment with intrathecal injection
of dynorphin A antiserum entirely attenuated subcutaneous
BAA-induced visceral antinociception. (4) Dynorphin A is
known to be an endogenous ligand of x-opioid receptors
[49, 50]. Pretreatment with subcutaneous injection of the -
opioid receptor antagonist nor-BNI totally blocked BAA-
induced visceral antinociception. In addition, BAA-induced
mechanical antihyperalgesia in the hind paws in the rat
model of visceral hypersensitivity was also attenuated by
application of minocycline, the dynorphin A antiserum,
and nor-BNI, same as that in spinal nerve ligation-
induced neuropathic rats [10]. All these results reveal that
spinal microglial expression of dynorphin A mediates both
visceral and somatic antihypersensitivity effects.

Central sensitization is a key character in the pathology of
chronic pain disorders, which refers to increased synaptic
efficacy or synaptic plasticity in afferent neurons in the spinal
dorsal horn following nerve damage, peripheral noxious
stimulation, or tissue injury or inflammation [51-54]. The
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prolonged synaptic plasticity after a noxious stimulus is a key
electrophysiological basis of central sensitization, which is
majorly related to the release of neurotransmitter glutamate
and activation of N-methyl-D-aspartate (NMDA) receptors
in postsynaptic neurons [52, 54, 55]. The increased synaptic
transmission causes the decrease in the pain threshold,
expansion of pain responses, and spread of pain sensitivity
to noninjured areas. Clinically, central sensitization leads to
pain hypersensitivity in the viscera, skin, and muscle. Main-
tained central sensitization is an important mechanism
underlying chronic pain including persistent inflammatory
and neuropathic pain [55, 56]. We demonstrated that the fre-
quency (but not amplitude) of SEPSCs in dorsal horn lamina
IT neurons from TNBS-treated rats was significantly higher
than that from the naive rats, suggesting that neonatal vis-
ceral inflammation induced by TNBS establishes spinal syn-
aptic plasticity and central sensitization, which is consistent
with the previous report in which colonic inflammation leads
to central sensitization [54, 57, 58].

Consistent with the finding that BAA specifically inhib-
ited enhanced sEPSCs or mEPSCs in dorsal horn lamina II
neurons from paclitaxel-induced neuropathic rats (Zhu
et al. [21]), our study demonstrated that BAA significantly
reduced synaptic plasticity in spinal dorsal horn neurons in
TNBS-treated rats but did not significantly affect synaptic
transmission in naive rats. The results indicate that BAA
specifically inhibits spinal synaptic plasticity and central
sensitization, which is probably the basis for BAA to specifi-

cally attenuate the visceral nociception in the abdomen and
mechanical hyperalgesia in hind paws induced by the combi-
nation of TNBS and HelCS application. We further demon-
strated that BAA reduced spinal synaptic plasticity through
stimulation of microglial expression of dynorphin A, as perfu-
sion of minocycline, the dynorphin A antiserum, and specific
k-opioid receptor antagonist 5'-GNTT totally blocked BAA-
inhibited enhanced spinal synaptic transmission. Dynorphin
A is an endogenous opioid neurotransmitter and can be
produced in the spinal cord and many parts of the brain
such as the striatum, hippocampus, and hypothalamus
[59]. Itacts through presynaptic k-opioid receptors, reducing
Ca®*-dependent glutamate secretion thereby inhibiting
synaptic transmission and reducing neural plasticity in the
hippocampus, the hypothalamic arcuate nucleus, the poste-
rior paraventricular nucleus of the thalamus, and other
nucleus [60-63]. In addition, the x-opioid receptor agonist
dynorphin A and U69593 in spinal neurons exert inhibitory
effects on spontaneous calcium oscillations driven primarily
by glutamatergic neurotransmission, which is completely
blocked by the selective « receptor antagonist nor-BNI. Con-
sistent with the presynaptic mechanism of action reported
for k-opioid receptors, the expression of the x-opioid recep-
tor is enriched in spinal glutamatergic neurons with a relative
abundance in the presynaptic compartment [64]. Indeed, we
confirmed that dynorphin A inhibited enhanced presynaptic
glutamate transmission in spinal dorsal horn lamina II
neurons in a x-opioid receptor-dependent manner.
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Taken together, our results illustrate a specific mode of
the cross talk between microglia and neurons in the spinal
dorsal horn for BAA to produce visceral antinociception,
i.e., BAA stimulates microglia to express and secret dynor-
phin A via a Gs/cAMP/PKA/p383/CREB signal transduction
mechanism [48], which passes through the microglial neuro-
nal synapse and acts on the presynaptic x-opioid receptor in
afferent neurons. Following the activation of presynaptic k-
opioid receptors, the enhanced neuronal synaptic glutamate
transmission and consequent postsynaptic NMDA currents
are reduced in the visceral hypersensitivity state, leading to
inhibition of central sensitization and antinociception. The
illustration of the antinociceptive pathway of BBA in the vis-
ceral hypersensitivity is presented in Figure 7.

Abbreviations

ACSF:  Artificial cerebrospinal fluid

BAA: Bulleyaconitine A

HelCS: Heterotypic intermittent chronic stress

Nav:  Voltage-dependent sodium

sEPSC: Spontaneous excitatory postsynaptic current
TNBS: 2,4,6-trinitrobenzene sulfonic acid.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no competing interests in
this work.

Authors’ Contributions

YXW and JC conceived and designed the experiments. SNH,
JW, LTH, and PJ]J performed the experiments. SNH, JC, and
JW analyzed the data. YXW, JW, and JC prepared the paper.
Sheng-Nan Huang and Jinbao Wei contributed equally to
this work.

Acknowledgments

This study was supported in part by grants from the National
Natural Science Foundation of China (#81571326 to JC and
#81673403 to YXW), the Shanghai Industrial Translational
Project (#15401901300 to YXW), and the Shanghai Key
Laboratory of Psychotic Disorders Open Grant (16-K01 to
YXW).

References

[1] J. Chen, J. H. Winston, and S. K. Sarna, “Neurological and
cellular regulation of visceral hypersensitivity induced by
chronic stress and colonic inflammation in rats,” Neuroscience,
vol. 248, pp. 469-478, 2013.

[2] B. Greenwood-Van Meerveld and A. C. Johnson, “Stress-
induced chronic visceral pain of gastrointestinal origin,” Fron-
tiers in Systems Neuroscience, vol. 11, p. 86, 2017.

11

[3] B.-R. Chen, L. J. du, H. Q. He et al., “Fructo-oligosaccharide
intensifies visceral hypersensitivity and intestinal inflamma-
tion in a stress-induced irritable bowel syndrome mouse
model,” World Journal of Gastroenterology, vol. 23, no. 47,
pp. 8321-8333, 2017.

H. Zhang, L. Ding, T. Shen, and D. Peng, “HMGBI involved in
stress-induced depression and its neuroinflammatory priming
role: a systematic review,” General Psychiatry, vol. 32, no. 4,
article e100084, 2019.

[5] M. Camilleri, “Physiological underpinnings of irritable bowel
syndrome: neurohormonal mechanisms,” Journal of Physiol-
0gy, vol. 592, no. 14, pp- 2967-2980, 2014.

[6] M. M. Wouters, “Histamine antagonism and postinflamma-
tory visceral hypersensitivity,” Gut, vol. 63, no. 12, pp. 1836-
1837, 2014.

[7] W.L.Hasler and C. Owyang, “Challenges of managing pain in
constipation-predominant IBS: clinical perspectives on anti-
nociceptive actions of linaclotide,” Gastroenterology, vol. 145,
no. 6, pp. 1196-1199, 2013.

[8] C.-F. Wang, P. Gerner, S. Y. Wang, and G. K. Wang, “Bulleya-
conitine A isolated from Aconitum plant displays long-acting
local anesthetic properties in vitro and in vivo,” Anesthesiology,
vol. 107, no. 1, pp. 82-90, 2007.

[9] X.C. Tang, X. C. Tang, X. J. Liu, W. H. Lu, M. D. Wang, and
A. L. Li, “Studies on the analgesic action and physical depen-
dence of bulleyaconitine A.” Acta Pharmaceutica Sinica,
vol. 21, no. 12, pp- 886-891, 1986.

[10] T.F.Li, H. Fan, and Y. X. Wang, “Aconitum-derived bulleya-
conitine A exhibits antihypersensitivity through direct stimu-
lating dynorphin a expression in spinal microglia,” The
Journal of Pain, vol. 17, no. 5, pp. 530-548, 2016.

[11] M. X. Xie, J. Yang, R. P. Pang et al, “Bulleyaconitine A
attenuates hyperexcitability of dorsal root ganglion neurons
induced by spared nerve injury: the role of preferably block-
ing Navl.7 and Navl.3 channels,” Molecular Pain, vol. 14,
2018.

[12] R. M. Brochu, I. E. Dick, J. W. Tarpley et al., “Block of periph-
eral nerve sodium channels selectively inhibits features of neu-
ropathic pain in rats,” Molecular Pharmacology, vol. 69, no. 3,
pp. 823-832, 2006.

[13] O. A. Samad, A. M. Tan, X. Cheng, E. Foster, S. D. Dib-Hajj,
and S. G. Waxman, “Virus-mediated shRNA knockdown of
Na,1.3 in rat dorsal root ganglion attenuates nerve injury-
induced neuropathic pain,” Molecular Therapy, vol. 21, no. 1,
pp. 49-56, 2013.

[14] S. K. Joshi, J. P. Mikusa, G. Hernandez et al., “Involvement of
the TTX-resistant sodium channel Nav 1.8 in inflammatory
and neuropathic, but not post-operative, pain states,” Pain,
vol. 123, no. 1-2, pp- 75-82, 2006.

[15] S. McGaraughty, K. L. Chu, M. J. Scanio, M. E. Kort, C. R.
Faltynek, and M. F. Jarvis, “A selective Na 1.8 Sodium
Channel Blocker, A-803467 [5-4-Chlorophenyl-N-(3,5-
dimethoxyphenyl)furan-2-carboxamide], Attenuates Spinal
Neuronal Activity in Neuropathic Rats,” The Journal of
Pharmacology and Experimental Therapeutics, vol. 324,
no. 3, pp. 1204-1211, 2008.

[16] M. Murayama, T. Ito, C. Konno, and H. Hikino, “Mechanism
of analgesic action of mesaconitine. I. Relationship between
analgesic effect and central monoamines or opiate receptors,”
European Journal of Pharmacology, vol. 101, no. 1-2, pp. 29—
36, 1984.

[4

—



12

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

(29]

(30]

M. Ono and T. Satoh, “Pharmacological studies on lappaconi-
tine: possible interaction with endogenous noradrenergic and
serotonergic pathways to induce antinociception,” The Japa-
nese Journal of Pharmacology, vol. 58, no. 3, pp. 251-257, 1992.

Q. Huang, X. F. Mao, H. Y. Wu et al., “Bullatine a stimulates
spinal microglial dynorphin A expression to produce anti-
hypersensitivity in a variety of rat pain models,” Journal of
Neuroinflammation, vol. 13, no. 1, pp. 214-214, 2016.

M.-L. Sun, J. P. Ao, Y. R. Wang et al., “Lappaconitine, a C18-
diterpenoid alkaloid, exhibits antihypersensitivity in chronic
pain through stimulation of spinal dynorphin A expression,”
Psychopharmacology, vol. 235, no. 9, pp. 2559-2571, 2018.

S.-N. Huang, B. B. Yang, L.-T. H. Le Ma et al., “Bulleyaconitine
A exerts antianxiety and antivisceral hypersensitivity effects,”
Frontiers in Pharmocology, vol. 11, 328 pages, 2020.

H. Q. Zhu, J. Xu, K. F. Shen, R. P. Pang, X. H. Wei, and X. G.
Liu, “Bulleyaconitine A depresses neuropathic pain and poten-
tiation at C-fiber synapses in spinal dorsal horn induced by
paclitaxel in rats,” Experimental Neurology, vol. 273, pp. 263-
272, 2015.

Y. Wakabayashi, T. Nakada, K. Murata et al., “Neurokinin B
and dynorphin A in kisspeptin neurons of the arcuate nucleus
participate in generation of periodic oscillation of neural activ-
ity driving pulsatile gonadotropin-releasing hormone secre-
tion in the goat,” The Journal of Neuroscience, vol. 30, no. 8,
pp. 3124-3132, 2010.

K. Yamada, Y. Ono, K. Y. Kubo, T. Yamamoto, and
M. Onozuka, “Occlusal disharmony transiently impairs learn-
ing and memory in the mouse by increasing dynorphin A
levels in the amygdala,” The Tohoku Journal of Experimental
Medicine, vol. 230, no. 1, pp. 49-57, 2013.

J. Chen, J. H. Winston, Y. Fu et al, “Genesis of anxiety,
depression, and ongoing abdominal discomfort in ulcerative
colitis-like colon inflammation,” American Journal of Physi-
ology Regulatory, Integrative and Comparative Physiology,
vol. 308, no. 1, pp. R18-R27, 2015.

Q. Li, J. H. Winston, and S. K. Sarna, “Noninflammatory
upregulation of nerve growth factor underlies gastric hyper-
sensitivity induced by neonatal colon inflammation,” Ameri-
can Journal of Physiology Regulatory, Integrative and
Comparative Physiology, vol. 310, no. 3, pp. R235-R242, 2016.

J. H. Winston, J. Chen, X.-Z. Shi, and S. K. Sarna, “Inflamma-
tion induced by mast cell deficiency rather than the loss of
interstitial cells of Cajal causes smooth muscle dysfunction in
WIW" mice,” Frontiers in Physiology, vol. 5, p. 22, 2014.

J. Wang, W. Li, L. Yue et al., “The study of white matter hyper-
intensity (WMH) and factors related to geriatric late-onset
depression,” Shanghai Archives of Psychiatry, vol. 30, no. 1,
pp. 12-19, 2018

J. H. Winston and S. K. Sarna, “Enhanced sympathetic nerve
activity induced by neonatal colon inflammation induces gas-
tric hypersensitivity and anxiety-like behavior in adult rats,”
American Journal of Physiology Gastrointestinal and Liver
Physiology, vol. 311, no. 1, pp. G32-G39, 2016.

I. Posserud, P. Agerforz, R. Ekman, E. S. Bjornsson,
H. Abrahamsson, and M. Simrén, “Altered visceral perceptual
and neuroendocrine response in patients with irritable bowel
syndrome during mental stress,” Gut, vol. 53, no. 8§,
pp. 1102-1108, 2004.

R. D. Moloney, S. M. O’'Mahony, T. G. Dinan, and J. F. Cryan,
“Stress-induced visceral pain: toward animal models of

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

[44]

(45]

Neural Plasticity

irritable-bowel syndrome and associated comorbidities,” Fron-
tiers in Psychiatry, vol. 6, p. 15, 2015.

C. Mestre, T. Pélissier, J. Fialip, G. Wilcox, and A. Eschalier, “A
method to perform direct transcutaneous intrathecal injection
in rats,” Journal of Pharmacological and Toxicological
Methods, vol. 32, no. 4, pp. 197-200, 1994.

J. Mamet, M. Klukinov, T. L. Yaksh et al., “Single intrathecal
administration of the transcription factor decoy AYX1 prevents
acute and chronic pain after incisional, inflammatory, or neu-
ropathic injury,” Pain®, vol. 155, no. 2, pp. 322-333, 2014.

G. Y. Xu, M. Shenoy, J. H. Winston, S. Mittal, and P. J.
Pasricha, “P2X receptor-mediated visceral hyperalgesia in a
rat model of chronic visceral hypersensitivity,” Gut,
vol. 57, no. 9, pp. 1230-1237, 2008.

L. Cheng, B. Duan, T. Huang et al., “Identification of spinal cir-
cuits involved in touch-evoked dynamic mechanical pain,”
Nature Neuroscience, vol. 20, no. 6, pp. 804-814, 2017.

X. Li, X. Tian, L. Lv et al., “Microglia activation in the offspring
of prenatal poly I: C exposed rats: a PET imaging and immu-
nohistochemistry study,” General Psychiatry, vol. 31, no. 1,
article 000006, 2018.

S.S. Padi and S. K. Kulkarni, “Minocycline prevents the devel-
opment of neuropathic pain, but not acute pain: possible anti-
inflammatory and antioxidant mechanisms,” European Jour-
nal of Pharmacology, vol. 601, no. 1-3, pp. 79-87, 2008.

K. F. Hauser, J. K. Foldes, and C. S. Turbek, “Dynorphin A (1-
13) neurotoxicity in vitro: opioid and non-opioid mechanisms
in mouse spinal cord neurons,” Experimental Neurology,
vol. 160, no. 2, pp. 361-375, 1999.

T. M. Laughlin, T. W. Vanderah, J. Lashbrook et al., “Spinally
administered dynorphin A produces long-lasting allodynia:
involvement of NMDA but not opioid receptors,” Pain,
vol. 72, no. 1, pp- 253-260, 1997.

M. Xu, M. Petraschka, J. McLaughlin et al., “Neuropathic pain
activates the endogenous kappa opioid system in mouse spinal
cord and induces opioid receptor tolerance,” The Journal of
Neuroscience, vol. 24, no. 19, pp. 4576-4584, 2004.

D. Braida, V. Capurro, A. Zani et al., “Potential anxiolytic- and
antidepressant-like effects of salvinorin A, the main active
ingredient of Salvia divinorum, in rodents,” British Journal of
Pharmacology, vol. 157, no. 5, pp. 844-853, 2009.

C.-Y.Li, H. B. Shi, H. B. Ye, N. Y. Song, and S. K. Yin, “Mino-
cycline cannot protect neurons against bilirubin-induced
hyperexcitation in the ventral cochlear nucleus,” Experimental
Neurology, vol. 237, no. 1, pp. 96-102, 2012.

L. Zangrandi, J. Burtscher, J. MacKay, W. F. Colmers, and
C. Schwarzer, “The G-protein biased partial x opioid receptor
agonist 6'-GNTI blocks hippocampal paroxysmal discharges
without inducing aversion,” British Journal of Pharmacology,
vol. 173, no. 11, pp. 1756-1767, 2016.

I. Obara, J. Mika, M. K. Schafer, and B. Przewlocka, “Antago-
nists of the x-opioid receptor enhance allodynia in rats and
mice after sciatic nerve ligation,” British Journal of Pharmacol-
0gy, vol. 140, no. 3, pp. 538-546, 2003.

L. L. Ferrari, L. J. Agostinelli, M. J. Krashes, B. B. Lowell, T. E.
Scammell, and E. Arrigoni, “Dynorphin inhibits basal fore-
brain cholinergic neurons by pre- and postsynaptic mecha-
nisms,” The Journal of Physiology, vol. 594, no. 4, pp. 1069-
1085, 2016.

L. Mou, W. Lei, J. Chen, R. Zhang, K. Liu, and X. Liang, “Medi-
ating effect of interpersonal relations on negative emotions



Neural Plasticity

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

[60]

[61]

and dysmenorrhea in female adolescents,” General Psychiatry,
vol. 32, no. 1, article e100008, 2019.

S. Liu, S. . Hagiwara, and A. Bhargava, “Early-life adversity,
epigenetics, and visceral hypersensitivity,” Neurogastroenterol-
ogy & Motility, vol. 29, no. 9, article 13170, 2017.

B. Yang, J. Wei, P. Ju, and J. Chen, “Effects of regulating intes-
tinal microbiota on anxiety symptoms: a systematic review,”
General Psychiatry, vol. 32, no. 2, article e100056, 2019.

T.-F. Li, N. Gong, and Y.-X. Wang, “Ester hydrolysis differen-
tially reduces aconitine-induced anti-hypersensitivity and
acute neurotoxicity: involvement of spinal microglial dynor-
phin expression and implications for aconitum processing,”
Frontiers in Pharmacology, vol. 7, p. 367, 2016.

S. M. Hall, Y. S. Lee, and V. J. Hruby, “Dynorphin A analogs
for the treatment of chronic neuropathic pain,” Future Medic-
inal Chemistry, vol. 8, no. 2, pp. 165-177, 2016.

A. W. Bruijnzeel, “Kappa-opioid receptor signaling and brain
reward function,” Brain Research Reviews, vol. 62, no. 1,
pp- 127-146, 2009.

J. E. MacDonald, M. F. Jackson, and M. A. Beazely, “Hippo-
campal long-term synaptic plasticity and signal amplification
of NMDA receptors,” Critical Reviews™ in Neurobiology,
vol. 18, no. 1-2, pp. 71-84, 2006.

C.J. Woolf, “Central sensitization: implications for the diagno-
sis and treatment of pain,” Pain, vol. 152, no. 3, pp. S2-S15,
2011.

A. 1. Basbaum, D. M. Bautista, G. Scherrer, and D. Julius,
“Cellular and molecular mechanisms of pain,” Cell,
vol. 139, no. 2, pp. 267-284, 2009.

W. S. Reynolds, R. Dmochowski, A. Wein, and S. Bruehl,
“Does central sensitization help explain idiopathic overactive
bladder?,” Nature Reviews Urology, vol. 13, no. 8, pp. 481-
491, 2016.

R.-R. Ji, T. Kohno, K. A. Moore, and C. J. Woolf, “Central
sensitization and LTP: do pain and memory share similar
mechanisms?,” Trends in Neurosciences, vol. 26, no. 12,
Pp. 696-705, 2003.

J. Sandkiihler, “63 learning and memory in pain pathways,”
European Journal of Pain, vol. 13, pp. S27-528, 2009.

C.-M. Xia, M. A. Gulick, S. . Yu et al,, “Up-regulation of brain-
derived neurotrophic factor in primary afferent pathway regu-
lates colon-to-bladder cross-sensitization in rat,” Journal of
Neuroinflammation, vol. 9, no. 1, article 30, 2012.

X.-Q. Pan and A. P. Malykhina, “Estrous cycle dependent fluc-
tuations of regulatory neuropeptides in the lower urinary tract
of female rats upon colon-bladder cross-sensitization,” PLoS
One, vol. 9, no. 5, article 94872, 2014.

C. Mollereau, L. Mouledous, S. Lapalu et al., “Distinct mecha-
nisms for activation of the opioid receptor-like 1 and x-opioid
receptors by nociceptin and dynorphin A,” Molecular Phar-
macology, vol. 55, no. 2, pp. 324-331, 1999.

A. Kuzmin, V. Chefer, I. Bazov et al., “Upregulated dynorphin
opioid peptides mediate alcohol-induced learning and
memory impairment,” Translational Psychiatry, vol. 3,
no. 10, article 310, 2013.

G. W. Terman, C. T. Drake, M. L. Simmons, T. A. Milner, and
C. Chavkin, “Opioid modulation of recurrent excitation in the

hippocampal dentate gyrus,” The Journal of Neuroscience,
vol. 20, no. 12, pp. 4379-4388, 2000.

[62]

[63]

(64]

13

A. Matzeu, M. Kallupi, O. George, P. Schweitzer, and
R. Martin-Fardon, “Dynorphin counteracts orexin in the para-
ventricular nucleus of the thalamus: cellular and behavioral
evidence,”  Neuropsychopharmacology, vol. 43, no. 5,
pp. 1010-1020, 2017.

X. Zhang and A. N. van den Pol, “Direct inhibition of arcuate
proopiomelanocortin neurons: a potential mechanism for the
orexigenic actions of dynorphin,” The Journal of Physiology,
vol. 591, no. 7, pp. 1731-1747, 2013.

L. Kelamangalath, S. M. Dravid, J. George, J. V. Aldrich, and
T. F. Murray, “k-Opioid receptor inhibition of calcium oscilla-

tions in spinal cord neurons,” Molecular Pharmacology,
vol. 79, no. 6, pp. 1061-1071, 2011.



	Bulleyaconitine A Inhibits Visceral Nociception and Spinal Synaptic Plasticity through Stimulation of Microglial Release of Dynorphin A
	1. Introduction
	2. Material and Methods
	2.1. Drugs and Reagents
	2.2. Animals
	2.3. Induction of Neonatal Colonic Inflammation
	2.4. Heterotypic Intermittent Chronic Stress (HeICS)
	2.5. The Rat Intrathecal Injection
	2.6. Evaluation of Visceromotor Response to Graded Colorectal Distention
	2.7. Test of Mechanical Hyperalgesia
	2.8. Spinal Cord Slice Preparation
	2.9. Whole-Cell Patch Clamp Recording
	2.10. Statistical Analyses

	3. Results
	3.1. TNBS Perfusion and HeICS Application-Induced Visceral Nociception and Mechanical Allodynia
	3.2. Subcutaneous Administration of BAA Produced Visceral Antinociception
	3.3. BAA-Induced Visceral Antinociception Was through Stimulation of Spinal Microglial Expression of Dynorphin A
	3.4. BAA Reduced TNBS-Enhanced Synaptic Transmission in Spinal Dorsal Horn Neurons
	3.5. Minocycline, the Dynorphin A Antiserum, and 5′-GNTI Blocked BAA- and Dynorphin A-Induced Inhibition of Spinal Synaptic Plasticity

	4. Discussion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

