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Abstract: Neuropathic pain in a chronic post-ischaemic pain (CPIP) model mimics the symptoms of
complex regional pain syndrome type I (CRPS I). The administration of bee venom (BV) has been
utilized in Eastern medicine to treat chronic inflammatory diseases accompanying pain. However,
the analgesic effect of BV in a CPIP model remains unknown. The application of a tight-fitting O-
ring around the left ankle for a period of 3 h generated CPIP in C57/Bl6 male adult mice. BV
(1 mg/kg ; 1, 2, and 3 times) was administered into the SC layer of the hind paw, and the
antiallodynic effects were investigated using the von Frey test and by measuring the expression of
neurokinin type 1 (NK-1) receptors in dorsal root ganglia (DRG). The administration of BV dose-
dependently reduced the pain withdrawal threshold to mechanical stimuli compared with the pre-
administration value and with that of the control group. After the development of the CPIP model,
the expression of NK-1 receptors in DRG increased and then decreased following the administration
of BV. SC administration of BV results in the attenuation of allodynia in a mouse model of CPIP.
The antiallodynic effect was objectively proven through a reduction in the increased expression of
NK-1 receptors in DRG.
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1. Introduction

Bee venom (BV) has been used in traditional eastern medicine to relieve pain and to treat chronic
inflammatory diseases. Various studies have demonstrated the analgesic and anti-inflammatory, as
well as anti-cancer, effects of BV. BV contains various peptides, amines, nonpeptide components, and
free amino acids, which are presumed to have anti-inflammatory, analgesic, and anti-cancer effects.
Recent studies have revealed diverse mechanisms underlying the analgesic and anti-inflammatory
effects of BV. The suppression of the expression of inflammation regulatory factors such as
cyclooxygenase 2 (COX-2) and phospholipase A2 (PLA2), in addition to the generation of mediators
such as tumour necrosis factor-a (TNF-a), interleukin (IL)-1, IL-6, nitric oxide (NO), and reactive
oxygen species (ROS), have been reported to be related to the analgesic and anti-arthritic effects of
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BV [1-3]. Previous studies have demonstrated that BV treatment has analgesic effects in neuropathic
pain animal models, with possible mechanisms including the activation of alpha 2-adrenoceptors, the
reduction in c-Fos expression in the spinal cord, and the suppression of N-methyl-D-aspartate
receptors in the spinal dorsal horn [4-6]. Although diverse effects and mechanisms have been
demonstrated, unrevealed mechanisms likely still remain.

Complex regional pain syndrome type I (CRPS I) is one of the most refractory and distressing
pain syndromes without a definite nerve injury. Symptoms of CRPS I include sensory changes such
as allodynia or hyperalgesia, edema, abnormal vasomotor and sudomotor function, motor
dysfunction, and trophic changes. CRPS I occurs following injuries such as sprains, fractures, crush
injuries, and minor trauma that are not recognized. The symptoms typically start in the distal part of
the affected limb and spread to the unaffected or opposite limb [7,8]. The exact pathophysiology of
CRPS has not yet been fully revealed. Various studies have presented several consistent
pathophysiological mechanisms that show neurogenic inflammatory responses and central
sensitization [8-11]. Several kinds of neurotransmitters, such as substance P (SP), have been
implicated in a series of neurogenic inflammatory responses. SP acts through stimulation of
neurokinin receptors, especially type 1 (NK-1) receptors. Some studies have shown that SP activation
of upregulated NK-1 receptors in the peripheral neuron, dorsal root ganglion, and spinal cord
suggests the development of nociceptive and inflammatory changes considered to be an important
pathophysiological pathway of CRPS [12-15].

The effect of BV on CRPS I and its mechanism of action have not been studied yet, even though
the effects have been demonstrated in other types of pain models. We postulated that BV suppresses
the features of CRPS I and conducted behavioural tests in a chronic post-ischaemic pain (CPIP) model
produced after a 3 h-ischaemia/reperfusion (I/R) injury in the hind paws of mice induced under
general anaesthesia through the application of an O-ring around the mouse’s left hind limb just
proximal to the ankle joint. Such a chronic post-ischemic pain (CPIP) model had already shown
similar features to those described in patients with CRPS-I in previous studies [16,17]. We measured
the change in NK-1 receptor expression in dorsal root ganglia (DRG) to verify the antiallodynic effects
of BV.

2. Results

2.1. CPIP Mice Exhibited Prominent Mechano-Allodynia

CPIP mice developed mechano-allodynia over a prolonged period in both the ipsilateral and
contralateral hind leg, with more prominent effects on the ipsilateral side (Figure 1). Ipsilateral
mechano-allodynia was exhibited within 8 h following reperfusion; it peaked at 2 days and was
maintained for at least 30 days after reperfusion. Contralateral mechano-allodynia was also present
within 8 h following reperfusion; it peaked at 2 days and was maintained for 15 days after
reperfusion. Those features were observed on four of six mice tightly-fitted with O-ring mice.

2.2. BV Attenuated Mechanical Allodynia in CPIP Mice

Intrapaw BV injections dose-dependently reduced mechanical allodynia in CPIP mice when
compared with that in the control group. In all of the BV-injected groups, the paw withdrawal
thresholds (PWTs) were demonstrated to first increase and then decrease. The variance in the PWT
among the BV-injected groups was different. Among the three groups injected with BV, injection in
triplicate had the greatest effect on the mechanical withdrawal thresholds, indicating that it was the
most effective at attenuating allodynia. The effect presented within 30 min after injection and peaked
at 1 h in the groups injected with BV two and three times. The effect persisted for different lengths of
time in the different BV-injected groups: 90 min for the single injection group, 120 min for the double
injection group, and 180 min for the triple injection group (Figure 2). Repeated injections were
suggested to amplify the anti-mechano-allodynic effect in CPIP mice.
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Figure 1. Time course of tactile allodynia in the ipsilateral and contralateral hind paw of CPIP and
control mice, as shown via von Frey testing. The contralateral withdrawal thresholds of control mice
were not meaningfully altered throughout the one month of testing. The withdrawal thresholds of
CPIP mice were significantly reduced 30 days after reperfusion ipsilaterally and 15 days
contralaterally. Asterisk (*) indicates p <0.05 at each time point between control and CPIP mice.

2.0
1.5
C
E 1.0
o
0.5
0.04— T T
QQO ‘? @

& P &

Time(minutes)

Figure 2. The effect of the administration of bee venom (BV) on the tactile threshold in chronic post-
ischaemic pain (CPIP) mice. BV injections dose-dependently reduced mechanical allodynia in CPIP
mice when compared with that in the control group. The triple injection group (BV3) showed the most
effective attenuation of mechanical allodynia. Asterisk (*) indicates p < 0.05 at each time point

compared to that in the saline group.
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2.3. BV Attenuated the Increased Expression of NK-1 Receptors in CPIP Mice

30f9

The CPIP group showed higher NK-1 receptor expression than the sham group, as mentioned
(Figure 3), and as indicated by the higher optical densities measured in the CPIP group (p = 0.04).
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After the triple injection of BV, 11 days after I/R injury, DRG were harvested and examined for the
immunohistochemical expression of NK-1 receptors. In the BV-injected group, the increased
expression of NK-1 receptors was significantly reduced, as exhibited by the lower optical densities
measured in the BV-injected group than in the CPIP group (p = 0.013) (Figure 4). The change in NK-
1 receptor expression demonstrated that BV might be effective in CPIP models.

A B

Figure 3. The effect of subcutaneous BV on NK-1 receptor expression in dorsal root ganglia (DRG).
Immunostaining for NK-1 receptors in a control mouse. Original magnification: x200. (A); chronic
post-ischaemic pain (CPIP) mouse. Original magnification: x200. (B); and BV-injected mouse. Original
magnification: x20. (C).
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Figure 4. Histogram representing the optical density of NK-1 receptors in DRG from sham (n = 4),
CPIP (n=8), and BV-treated CPIP mice (n = 6). The CPIP group (73.61 + 20.92 optical density) showed
a higher expression of NK-1 receptors than the control group (36.39 + 8.32 optical density). The lower
expression of NK-1 receptors in the BV-treated group (45.57 + 11.46 optical density) than in the CPIP
group demonstrated that BV significantly suppressed the expression of NK-1 receptors (white arrow:
immunostaining for the NK-1 receptor).
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3. Discussion

Our findings reveal that a novel animal model of complex regional pain syndrome type I (CRPS
I), a chronic post-ischaemic pain (CPIP) model, developed mechanical allodynia, which was then
attenuated by the administration of bee venom (BV). Histologically, the increased expression of
neurokinin type 1 (NK-1) receptors and the decline in NK-1 expression after BV injection in dorsal
root ganglia (DRG) validated the effect of BV in CPIP mice.

In previous studies, the effect of BV has been demonstrated on nerve injury models, such as a
spinal cord injury model, and neuropathic pain models, such as an oxaliplatin-induced neuropathic
pain model and a chronic constrictive injury model [4-6]. However, the analgesic effect of BV on
CRPS has not yet been studied. This series of experiments verified the effect of BV on CRPS in a CPIP
model. In previous studies, the injection route was usually intraperitoneal or acupoint, which has
been employed in traditional medicine. Subcutaneous BV injections, specifically in
ischaemia/reperfusion (I/R)-injured paws, were chosen in this study. Intrapaw BV injections
attenuated mechanical allodynia in injected paws and decreased NK-1 expression in DRG, suggesting
that BV had not only a topical effect but also a systemic and spinal effect.

The specific analgesic mechanisms of BV are unclear, but several mechanisms have been
suggested. Activation of spinal a2-adrenoceptors, decreased c-fos expression, and the N-methyl-D-
aspartate receptor blockade are mechanisms that have been suggested in previous studies [6,18-21].
We found that BV injection significantly reduced NK-1 expression in DRG, potentially suggesting a
novel analgesic mechanism of BV, in which suppressed NK-1 expression results in a decrease in
Substance P (SP) signalling. Even though all of the CRPS pathophysiological pathways are not
understood, neurogenic inflammation has been suggested to cause primary afferent nociceptor
sensitization followed by central sensitization. Neurogenic inflammation is mediated by
neuropeptides, especially calcitonin gene-related peptide (CGRP) and SP. In the rat fracture/cast
model that exhibits the symptoms of CRPS, SP and CGRP expression was increased in the sciatic
nerve and serum, and NK-1 receptor expression was upregulated in the skin of the hind paw [14].
Infusion with SP further exaggerated the extravasation responses to an increase in protein leakage in
the affected hind-paw skin [12]. Similar to the results observed in the animal models, the infusion of
SP through a microdialysis membrane in CPRS volunteers accelerated plasma protein extravasation,
an effect that was also present in the contralateral unaffected limb [22]. These findings indicate that
the effect of SP is not only regional at the affected lesion but also systemic at the contralateral lesion.
Apart from its peripheral actions, SP has distinct effects on the central nervous system. In the rat
fracture/cast model of CRPS, the NK-1 receptor signalling in the spinal cord was increased. This
upregulation in the spinal cord was sustained through 16 weeks but only lasted 4 weeks in the skin
[23]. This study showed a shift in the location of this neuro-inflammatory mediator, leading the CRPS
symptoms from the periphery to the central spinal cord. Thus, SP might be an important
neuropeptide in CRPS. The findings in the present study suggest that BV injection might be used as
a therapeutic treatment for CRPS via the suppression of NK-1 signalling. We could presume that the
suppression of NK-1 signalling might occur through the inhibition of nuclear factor-«B (NF-kB)
activity. In recent studies, melittin, among a variety of peptides, is an important constituent of the
anti-inflammatory, anti-analgesic pathway. Melittin inhibits the DNA binding activity of NF-kB,
resulting in a decline in the expression of this inflammation-related gene [1,24]. NF-«B activity is
stimulated by many inflammatory stimuli, and activated NF-kB dimers enter into the nucleus,
where they bind to DNA binding sites, resulting in the expression of proinflammatory genes.
Reduced NF-kB activity induces a decrease in SP production and NK-1 receptor expression
[25,26]. BV reduced NK-1 receptor expression and showed an anti-inflammatory or anti-analgesic
effect via these pathways.

In a previous study, an injection of a high dose of BV (2.5 mg/kg) into an acupoint induced a
motor function deficit at 60 and 120 min [6], as well as skin hypersensitivity; adverse effects such
as itching, but not severe effects such as an anaphylactic reaction, have been documented [27,28].
These side effects were not observed in this study.
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We conclude that BV given subcutaneously attenuates allodynia in mice models of CPIP
without notable adverse effects. The antiallodynic effects were closely associated with a
significant decrease in NK-1 receptor expression in DRG. These findings suggest that repetitive
BV therapy could be a useful therapeutic modality for the treatment of CRPS. Henceforward, more
subjects and clinical studies will be needed to determine the clinical use of BV in CRPS. In
addition, the antiallodynic effects of BV in this study were demonstrated during the acute phase
of CRPS, 7 days after reperfusion injury. The acute phase of CRPS commonly presents with signs
of acute neurogenic inflammation, such as erythema, warmth, oedema, and hyperalgesia. Even if
the anti-inflammatory effect of BV might attenuate the symptoms of the acute phase of CRPS, such
as neurogenic inflammation, the effect of BV is unlikely to diminish the symptoms of the chronic
phase of CRPS. As time passes, the warmth and erythaematous symptoms change to cold and
atrophic symptoms. Moreover, signs and symptoms of central sensitization present increasingly
in the chronic phase of CRPS. Further studies of a chronic CRPS model will be needed to show the
effect of BV in the chronic phase of CRPS. More research on the antiallodynic effect of BV could
provide an alternative therapeutic tool to treat neuropathic pain, especially CRPS, for which there
is a lack of effective and safe therapeutic regimens [8-10,29].

4. Materials and Methods

4.1. Animals

The study protocol was approved by the Institutional Animal Care and Use Committee (IACUC)
of the College of Medicine, Catholic University of Korea. The approval code is 2014-0055 and the date
of approval is 5 February 2015. Male adult C57/Bl6 mice (25-30 g) were used in this study and were
housed in groups of five, with free access to food and water under a 12:12-h light:dark cycle. All
animals were allowed to adapt to their envelopment for 7 days before the experiment.

4.2. CPIP Model

The CPIP model was induced in mice under general anaesthesia with isoflurane by placing a
tight-fitting O-ring (O-rings West, Seattle, WA, USA) with a 5/64 inch internal diameter around the
left ankle for 3 h, as described by Coderre et al [17]. The O-rings were removed while mice were still
under general anaesthesia, allowing for reperfusion. Mice in the control group were placed under
general anaesthesia, but their ankle was loosely rather than tightly surrounded by cutted O-ring.

4.3. Measurement of Tactile Allodynia

The plantar surfaces of the ipsilateral and contralateral hind legs of CPIP and control mice were
tested for tactile allodynia 1 day and 30 days after hind leg I/R injury. To determine the threshold of
the response, the floors of the cages for the two groups of mice were replaced with mesh floors to
easily access the plantar surfaces of their hind legs with a filament. After a 20-min acclimation period,
tactile hyperalgesia of the hind leg was assessed using von Frey hairs (Stoelting Co., Wood Dale, IL,
USA) ranging from 2.44 to 4.31 (0.03-2.00 g) using the up-down method. The 50% response threshold
(grams) was measured based on the response pattern and the value (in log units) of the final von Frey
hair [30,31].

4.4. Drug Administration

The effects of BV were evaluated in CPIP mice that exhibited tactile allodynia. BV was delivered
7 days after I/R injury. Before the administration of BV, CPIP mice were acclimated to an observation
cage for 20 min, and mechanical allodynia was measured using von Frey hairs. CPIP mice that
showed distinct mechanical allodynia were selected. Saline or BV (1 mg/kg, subcutaneous (SC)) was
administered into the dorsum of the ipsilateral hind paw that showed an allodynic response in the
von Frey test. After injection, mechanical allodynia was assessed through the same process 30, 60, 90,
120, 180, 240 min, and 24 h after BV administration. At the same time on the following day, the same
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dosage of BV was injected using the same procedure, and mechanical allodynia was assessed again.
On the third day, the identical experiment was carried out.

4.5. Assessment of NK-1 Receptor Expression in DRG

Each group of mice administered BV (1, 2, and 3 times) was sacrificed, and DRG were collected
60 min after BV administration, considering the tactile allodynia results. Mice in the control group
and CPIP group and mice treated with BV were anaesthetized and transcardially perfused with 50
mL of 4% paraformaldehyde dissolved in 0.01 M phosphate-buffered saline (PBS) with pH 7.2-7.4.
The DRG of the mice were then dissected, postfixed, and immersed in a 30% sucrose solution
overnight. DRG segments were cut into 10-um-thick slices on a freezing microtome. The slices were
incubated with a rabbit antibody against the NK-1 SP receptor (1:1000; Chemicon, Temecula, CA,
USA). After the sections were washed with buffer, they were exposed to the secondary antibody, an
anti-rabbit IgG antibody conjugated with Alexa-488 (1:500; Invitrogen, Carlsbad, CA, USA). Digital
images were obtained using a Zeiss LSM 510 Meta confocal microscope (Zeiss, Oberkochen,
Germany), and the mean intensity was calculated using using Image-Pro Plus v. 6.0 (Media
Cybernetics, Inc., Rockville, MD, USA).

4.6. Statistics

The data are presented as the mean + SEM. Statistical analyses were performed using IBM SPSS
Statistics ver 24. (IBM Co., Armonk, NY, USA). A repeated measures 2-way ANOVA was performed
to identify overall differences in the 50% von Frey threshold at each time point under different
conditions, followed by Bonferroni post hoc tests. Comparisons between pre-injection and post-
injection values were made at each time point using Student’s ¢-tests. A two-sided P value of less than
0.05 was considered to indicate statistical significance. A Kruskal-Wallis test was used for the
comparison of the immunohistochemical expression of NK-1 receptors among the control, CPIP, and
treatment groups. The statistical analysis was verified by the Division of Biostatistics, Department of
R&D Management, Kangbuk Samsung Hospital, Sungkyunkwan University School of Medicine.
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