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Abstract: Paclitaxel, a primary chemotherapeutic agent used to treat numerous solid malignancies, is
commonly associated with debilitating peripheral neuropathy. However, a satisfactory gold-standard
monotherapy for this neuropathic pain is not currently available. A combination strategy of two or
more medications with different properties may achieve more beneficial effects than monotherapy.
Thus, we investigated the analgesic efficacies and spinal mechanisms of the combination strategy,
including bee venom acupuncture (BVA) and venlafaxine (VLX) against paclitaxel-induced allodynia
in mice. Four intraperitoneal infusions of paclitaxel on alternating days (2 mg/kg/day) induced cold
and mechanical allodynia for at least 1 week as assessed using acetone and the von Frey hair test,
respectively. Co-treatment of BVA (1.0 mg/kg, s.c., ST36) with VLX (40 mg/kg, i.p.) at the medium
dose produced a longer-lasting and additive effect than each monotherapy at the highest dose (BVA,
2.5 mg/kg; VLX, 60 mg/kg). Spinal pre-administration of idazoxan (α2-adrenergic receptor antagonist,
10 µg), methysergide (mixed 5-HT1/5-HT2 receptor antagonist, 10 µg), or MDL-72222 (5-HT3 receptor
antagonist, 10 µg) abolished this analgesia. These results suggest that the combination therapy with
BVA and VLX produces long-lasting and additive analgesic effects on paclitaxel-induced allodynia,
via the spinal noradrenergic and serotonergic mechanism, providing a promising clinical strategy.
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1. Introduction

Paclitaxel, a derivative of Taxus brevifolia, is recommended worldwide as one of the standard
antineoplastic medications against various types of carcinomas, including breast, lung, and ovarian
cancers [1]. Nevertheless, 7 out of 10 patients receiving paclitaxel develop a devastating dose-limiting
side effect, paclitaxel-induced peripheral neuropathy [2]. The representative clinical manifestations of
this unwanted neuropathy include overt numbness, tingling, ongoing pain, and allodynia, most of
which progress symmetrically from the feet and hands [3,4]. This burdensome neurotoxic state can
be sufficiently distressing to lead to temporary cessation or even termination of life-saving therapy,
thereby ultimately affecting the survival likelihood [1,4]. Unfortunately, a satisfactory gold-standard
monotherapy protocol is not currently available [5]. Hence, there is an urgent need to identify favorable
co-administration strategies for two or more medications that are already used in the clinic, which may
offer considerable beneficial analgesia without unexpected adverse effects [6,7].

Bee venom acupuncture (BVA), also referred to as apitherapy, is a well-known traditional
treatment approach that involves stimulation of acupoints with diluted bee venom, and has been
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used to exert healing effects in a variety of painful conditions in Korean medicine, such as lower
back pain and post-stroke pain [8,9]. Recent clinical pilot practices revealed that BVA can reduce
chemotherapy-induced pain levels, and then increase patients’ quality of life (QOL) [10,11]. In addition,
we and others previously elucidated that BVA at ST36 (Zusanli) acupoint could significantly mitigate
the neurotoxic symptoms of chemotherapy-treated rodents, primarily through spinal α-adrenergic
receptor (α-AR)-mediated mechanisms [12–14]. The ST36 acupoint is located on the tibialis anterior
muscle of the leg, and its functions in traditional oriental medicine are to fortify the spleen and stomach,
replenish qi and nourish blood, clear and activate meridians, and nourish the channels [15]. Lots of
pre-clinical works indicated that stimulations applied on this acupoint (e.g., BVA, electro-acupuncture,
laser-acupuncture, or moxibustion) can produce significant pain-relieving effects under diverse
conditions, such as neuropathic, incision, or inflammatory pain state [16–19].

Venlafaxine (VLX) is a representative serotonin (5-HT) and noradrenaline reuptake inhibitor
(SNRI), and is increasingly used as a first-line treatment against diverse chronic neuropathic pain
pathologies [1,20,21]. In fact, VLX shows analgesic properties mainly by increasing the amounts of
noradrenaline and serotonin at the spinal cord level [22]. In our recent study, a single intraperitoneal
treatment with VLX (40 mg/kg; i.p.) markedly ameliorated cold and mechanical allodynia elicited by
another anticancer agent, oxaliplatin [23]. However, the analgesic effect of VLX on paclitaxel-evoked
neuropathic pain in rodents has not been determined yet, and few studies have revealed the precise
analgesic mechanism underlying this antidepressant.

In this context, we first verified whether BVA or VLX monotherapy has a dose-dependent analgesic
efficacy on paclitaxel-induced cold and mechanical allodynia in mice. Second, we explored whether the
combination strategy containing both intermediate dosages of BVA and VLX could have more beneficial
analgesic effects than that of each monotherapy. Finally, by performing direct intrathecal administration
of antagonists, we sought to clarify which spinal adrenergic and/or serotonergic receptors mediate the
combination therapy analgesia.

2. Results

2.1. Cold and Mechanical Allodynia Following Repeated Paclitaxel Treatments

Four intraperitoneal infusions of paclitaxel on alternating days (2 mg/kg/day; days 0, 2, 4, and
6) significantly exaggerated the licking and shaking frequency of the hind paw in response to 10 µL
acetone spray (Figure 1A), indicating the development of cold allodynia. In addition, the same
paclitaxel interventions significantly escalated the withdrawal percentage of the hind paw in response
to the von Frey filament with 0.4 g bending force (Figure 1B), signifying a symptom of mechanical
allodynia. As seen in Figure 1, significant cold allodynia was observed from day 10 to day 16
(p < 0.01, day 16; p < 0.001, day 10 and 13, respectively), and significant mechanical allodynia was
observed from 7 to 16 days after the initiation of paclitaxel treatment (p < 0.001, days 7, 10, 13, and 16,
respectively). Accordingly, for the next experiments, the pain-relieving effects of both monotherapy
and combination therapy were tested during days 10–16 when both cutaneous allodynic symptoms
were markedly exhibited.

2.2. Relieving Effects of ST36 Treatment with BVA on Paclitaxel-Induced Cold and Mechanical Hypersensitivity

To verify the anti-allodynic effects of BVA on paclitaxel-induced peripheral neuropathy, three
different doses of BV or vehicle (PBS) were injected subcutaneously at ST36 of mice showing symptoms
of hypersensitivity (days 10–16; 0.25, 1.0, and 2.5 mg/kg; s.c.). In terms of cold allodynia, 1.0 and
2.5 mg/kg BV ameliorated the acetone-elicited withdrawal frequency, lasting for 120 min (Figure 2A).
The lowest dose BV (0.25 mg/kg) alleviated cold hypersensitivity only at the 60 min time point. In the
von Frey test, compared to the PBS-treated mice, the low and medium BVA treatment groups (0.25
and 1.0 mg/kg) showed a markedly decreased withdrawal percentage of the hind paw at 60 min
and 120 min (0.25 mg/kg: 60 min, p < 0.001; 120 min, p < 0.01 and 1.0 mg/kg: 60 min, p < 0.01;
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120 min, p < 0.001. Figure 2B). However, the highest dose group (2.5 mg/kg) showed a similar effect
only at the 120 min time point. These results clearly demonstrate that BVA treatment ameliorates
cold and mechanical allodynia generated by paclitaxel, for which the optimum dosage is 1.0 mg/kg.
Next, Figure 2C,D evaluated the effect of 1.0 mg/kg of BVA at ST36 (BVA-ST36) versus the neck,
a different body area (BVA-Neck), on cold and mechanical measurements. At the 60 and 120 min points,
significant differences were observed between the BVA-ST36 and BVA-Neck groups in both behavioral
assessments. Thus, mice dosed with BV directly on the ST36 acupoint showed a more favorable
analgesic effect than that produced by neck area administration on paclitaxel-induced allodynia.

Figure 1. Change over time in repeated paclitaxel (PTX) treatment-induced cold (A) and mechanical
(B) allodynia in mice. On days 0, 2, 4, and 6 (4 arrows), PTX or vehicle was administered (i.p.). Mice
were subjected to measurement of allodynia just before and between day 4 to day 21 after the first
dose of PTX (on the timeline: days 0, 4, 7, 10, 13, 16, 19, and 21, respectively). In the acetone test, the
number of licking and shaking motions in 30 s were counted. In the von Frey assay, the percentage was
used to express the result: (number of tests accompanied by withdrawals) × 100/(number of total tests).
Data are expressed as mean ± S.E.M.; ** p < 0.01, *** p < 0.001, vs. vehicle by Bonferroni post-test after
two-way analysis of variance (ANOVA).

2.3. Relieving Effects of VLX on Paclitaxel-Induced Cold and Mechanical Hypersensitivity

In a subsequent experiment, we evaluated the relieving actions of VLX on cold and mechanical
allodynia induced by repeated administration of paclitaxel. After being assigned arbitrarily into four
subgroups, mice with neuropathy were treated with VLX (10, 40, and 60 mg/kg, i.p.) or vehicle (NS).
VLX at intermediate and highest doses (40 and 60 mg/kg) were shown to be effective in cold and
mechanical allodynia, lasting for 120 and 60 min, respectively (Figure 3A,B). In terms of mechanical
allodynia, the highest dose of VLX was shown to have a somewhat stronger action than the medium
dose (NS vs. 60 mg/kg, p < 0.01 and vs. 40 mg/kg, p < 0.05). However, at the endpoint of the test, all
VLX-treated groups showed negligible analgesic effects on both cold and mechanical hypersensitivity
(180 min, p > 0.05, respectively). Hence, our results reveal that a single i.p. treatment of VLX produced
anti-allodynic effects in a dose-dependent manner in this model.

2.4. Effects of Combination Therapy on Paclitaxel-Induced Cold and Mechanical Hypersensitivity

In a separate cohort of mice, the combined effects of a medium dose of BVA and VLX on cold and
mechanical allodynia elicited by paclitaxel were examined. In the combination strategy group (VLX +

BVA), mice in allodynic states underwent BVA (1 mg/kg, s.c.) and VLX (40 mg/kg, i.p.) administration
simultaneously. As expected, in each assessment (Figure 4A,B), compared to the vehicle-treated
(NS + PBS) mice, the analgesic actions of the monotherapy group (e.g., NS + BVA and VLX + PBS)
lasted only for 120 min. On the other hand, the co-treatment strategy significantly reduced licking
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and shaking frequencies (cold allodynia) and the percentage of hind paw withdrawal (mechanical
allodynia) until the 180 min point. It was also apparent that combination therapy showed markedly
greater inhibitory effects than both monotherapy groups at the 120 min point in the acetone test. Thus,
our data indicate that co-administration of BVA at 1.0 mg/kg and VLX at 40 mg/kg fully mitigates the
paclitaxel-elicited cold and mechanical hypersensitivity, suggesting longer-lasting and additive effects
over other monotherapy groups.

Figure 2. Time course of the relieving effects of ST36 treatment with bee venom acupuncture (BVA) on
paclitaxel-induced cold (A) and mechanical (B) allodynia in mice. Mice were divided arbitrarily into
four groups. “0.25,” “1.0,” and “2.5 mg/kg” referred to the doses of BV injected at ST36. (C,D) illustrated
the analgesic effects of 1.0 mg/kg of BVA at ST36 (BVA-ST36) versus at the neck, a different body area
(BVA-Neck), on cold and mechanical allodynia. Behavioral sensitivity was assessed four times; just
prior to the injection of BV and resumed at 60-min intervals for 3 h after treatment (on the timeline: 0,
60, 120, and 180, respectively). Data are expressed as mean ± S.E.M.; * p < 0.05, ** p < 0.01, *** p < 0.001,
vs. control (PBS; A and B); * p < 0.05, ** p < 0.01, vs. BVA-Neck group (C and D) by Bonferroni post-test
after two-way ANOVA.
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Figure 3. Time course of the relieving effects of venlafaxine (VLX) on paclitaxel-induced cold (A) and
mechanical (B) allodynia in mice. Mice were assigned arbitrarily into four groups. “10,” “40,” and
“60 mg/kg” refer to the doses of VLX treatment. Both measurements were performed four times; just
before the injection of VLX and at 60-min intervals for 3 h after treatment (on the timeline: 0, 60, 120,
and 180, respectively). Data are expressed as mean ± S.E.M.; * p < 0.05, ** p < 0.01, *** p < 0.001, vs.
control (NS); ## p < 0.01, ### p < 0.001, vs. 10 mg/kg VLX group by Bonferroni post-hoc test after
two-way ANOVA.

Figure 4. Elapsed time of the combined effects of BVA and VLX on paclitaxel-induced cold (A) and
mechanical (B) allodynia. Mice were randomly assigned into four groups: I: NS + PBS; II: NS + BVA; III:
VLX + PBS; IV: VLX + BVA. “PBS” and “NS” refer to the vehicle of bee venom (BV) or VLX, respectively.
The combination therapy (VLX + BVA) included intermediate doses of both BV and VLX (BV, 1.0 mg/kg,
s.c.; VLX, 40 mg/kg, i.p). Data are expressed as mean ± S.E.M.; * p < 0.05, ** p < 0.01, *** p < 0.001, vs.
control (NS + PBS); # p < 0.05, ## p < 0.01, vs. combination group by Bonferroni post-hoc test after
two-way ANOVA.

2.5. Spinal Mechanisms of Combination Therapy against Cold and Mechanical Allodynia

To examine the analgesic mechanism of combination therapy against cold (Figure 5A,C) and
mechanical (Figure 5B,D) allodynia at the spinal level, four types of α-adrenergic and 5-HT receptor
antagonists were administered intrathecally (i.t.) 20 min before combination treatment (BVA, 1 mg/kg,
s.c.; VLX, 40 mg/kg, i.p.). Pretreatment with each appropriate vehicle (NS and 20% DMSO, respectively)
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or α1-adrenergic receptor antagonist, prazosin, did not alter the analgesia from combination treatment
(p > 0.05). However, mice pre-administered other antagonists (idazoxan, methysergide, MDL-72222)
demonstrated no anti-allodynic effect of combination therapy. In other words, spinal α2-AR, 5-HT1,
5-HT2, and 5-HT3 receptors, but not the α1-AR subtype, mediate the analgesic effects of co-administered
BVA and VLX on cold and mechanical allodynia generated by paclitaxel.

Figure 5. Effects of spinal adrenergic (A) and (B) and 5-HT (C) and (D) receptor antagonism on
combination treatment analgesia in cold and mechanical allodynia. Mice were divided into six groups
that received each antagonist or appropriate vehicle intrathecally (i.t.); normal saline (NS), 20% dimethyl
sulfoxide (DMSO), prazosin, idazoxan, methysergide or MDL-72222 at 20 min before combination
treatment (BVA, s.c., 1 mg/kg and VLX, i.p., 40 mg/kg). Acetone test and von Frey test were performed
twice; just prior to the intrathecal injection (Before) and 60 min after combination therapy (After). Data
are expressed as mean ± S.E.M.; * p < 0.05, ** p < 0.01, *** p < 0.001, vs. Before; by Bonferroni post-hoc
test after two-way ANOVA.

3. Discussion

Paclitaxel, a primary treatment for a variety of solid malignancies (e.g., lung, cervical, and
ovarian carcinomas), is commonly associated with debilitating paresthesia, modest tingling, and
severe persistent pain, which could necessitate dose reduction or termination of chemotherapy [3,24].
To date, despite numerous studies to identify ideal analgesics, no medication without any shortcomings
(i.e., limited efficacy or adverse effects) has been introduced to the clinic [5,7]. One reason for this is that
chemotherapy-induced peripheral neuropathy (CIPN) has diverse pathophysiological mechanisms [25].
As such, drug combination therapy involving two or more mechanisms may increase the possibility of
achieving more promising pain alleviation [16,26].
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BVA is a traditional pharmacopuncture method in Korea, and its pain relief efficacy is generally
utilized for an array of musculoskeletal diseases (e.g., shingles, gout, and arthritis) [9,27,28]. A clinical
case report has shown that a one-week treatment of BVA can improve the pain level as assessed by
both the World Health Organization (WHO) CIPN grade and visual analog scale (VAS) [10]. Recently,
we discovered that a single subcutaneous injection of BV or its main components (e.g., melittin or
bvPLA2) at ST36 clearly mitigates allodynic symptoms generated by paclitaxel or oxaliplatin, which are
mainly associated with the spinal noradrenergic mechanisms [12,13]. Meanwhile, VLX, which is
an SNRI antidepressant, is recommended as a first-line medication for neuropathic pain in recent
clinical guidelines [20,29]. Some clinical trials have concentrated on its pain-relieving effects in CIPN
patients, and have elucidated that VLX (75 mg/day; p.o.) has beneficial effects against taxane- or
platinum-based CIPN [30,31]. It is clear that spinal adrenergic and serotonergic pathways participate
in VLX analgesia in neuropathic pain and inflammatory pain [32–34]. Consequently, we hypothesized
that the combination of BVA with VLX, which belong to different categories of treatments (apipuncture
vs. antidepressant), delivered through different routes (s.c. vs. i.p.), involved in different analgesic
mechanisms (adrenergic vs. serotonergic and/or adrenergic), might exert more vigorous or enduring
effects against paclitaxel-induced CIPN in mice.

First, we verified the time- and dose-dependent effects of BVA and VLX monotherapy on
paclitaxel-induced allodynia. In the mechanical assay, at 60 min after treatment, the highest dose of BV
(2.5 mg/kg) showed an inferior effect to that of the lowest (0.1 mg/kg) and medium (1.0 mg/kg) doses.
These results were in agreement with the outcomes of our previous trial, despite the difference in
BVA-treated acupoints and behavioral tests (ST36 vs. GV3 and von Frey test vs. tail immersion test) [35].
Next, we found that the effects of both the medium and highest dose of VLX lasted until 120 min after
treatment in the acetone test. However, in the von Frey test, the analgesic effects of both 40 mg/kg
and 60 mg/kg groups became negligible at 120 min. Similarly, as elucidated from our own trial and
others [23,36], a single treatment of VLX (s.c. or i.p.) alleviated the cold allodynia more prominently
than the mechanical allodynia generated by oxaliplatin, suggesting that VLX-induced analgesia could
be more sensitive to cold rather than mechanical pain sensation, at least in CIPN models.

Second, we focused on the potentially more favorable efficacy of a combination strategy containing
an intermediate dose of BVA (1 mg/kg; s.c.) and VLX (40 mg/kg; i.p.). Combination treatment showed
a more enduring analgesic effect up to the endpoint of measurement (180 min) (Figure 4) than that
of the BVA or VLX monotherapy groups at any dose (Figures 2 and 3). In addition, compared to the
monotherapy groups, mice treated with the combination therapy demonstrated marked inhibitory
effects at the 120-min point in the acetone assay. Of note, a number of clinical and pre-clinical trials
suggested that adding two or more medications to the co-treatment strategy seemingly did not always
achieve a more vigorous analgesia and instead caused unexpected adverse effects [6,37,38]. Taken
together, our data indicate that co-administration of BVA and VLX may be a promising novel strategy,
at least in paclitaxel-induced allodynia.

As mentioned above, our data suggest that BVA plus VLX induced analgesia via spinal α2-AR and
5-HT1/5-HT2 and 5-HT3 receptor mechanisms. In our recent assessment, BVA analgesia in the paclitaxel
model was deeply modulated by spinal α2-AR [13]. Meanwhile, VLX also showed a relieving effect on
diverse pain models via spinal 5-HT receptors and/or α2-AR activation [23,32,39]. Serotonin is one of
the most essential neurotransmitters in the descending pain inhibitory system [40], and the 5-HT1,
5-HT2, and 5-HT3 receptor subtypes are densely distributed in the superficial dorsal horn [41]. Thus
far, many studies have suggested that activation of these receptors produced considerable analgesia
in a nerve injury model (5-HT1 receptor) [42], pyrazolinone-induced pain model (5-HT2 and 5-HT3

receptors) [43], and SART (specific alternation of rhythm in environmental temperature)-stress model
(5-HT3 receptor) [44]. In addition, the interaction of the noradrenergic-serotonergic pathway in pain
modulation has been suggested. For instance, the analgesic effects of the 5-HT agonists were reversed by
systemic administration of noradrenergic neurotoxin, N-2-chloroethyl-N-ethyl-2-bromobenzylamine
(DSP4), [15]. A recent study discovered that both adrenergic and serotonergic signaling modulated
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the diffuse noxious inhibitory controls (DNIC) in an osteoarthritis pain model [45]. Another study
demonstrated that yohimbine (α2-AR antagonist) abolished the dose-dependent suppressive effect of
serotonin on the activity of spinal wide-dynamic-range (WDR) neurons [46].

In the present research, we used neuropharmacological and behavioral approaches to demonstrate
the additive and long-lasting analgesic effects of BVA and VLX co-treatment in paclitaxel-injected mice
and its spinal noradrenergic (α2-AR) and serotonergic (5-HT1/5-HT2, and 5-HT3 receptors) mechanisms.
Our previous studies suggest that VLX or BVA monotherapy’s action could last only for 60 min
or 120 min, and was mediated by spinal α2 or 5-HT3 mechanisms [12,16,23]. Although we could
not understand all the details, the present results let us speculate that 5-HT1 and 5-HT2 pathways
may be involved in the long-lasting effect of the combination therapy. In future studies using
in vivo extracellular recordings in the spinal cord, it would be of high interest to elucidate how such
combined therapy modulates the nociceptive transmissions of spinal projection neurons, such as WDR
neurons [47]. Another limitation of this study is the use of only male mice. Since the differences in pain
perception and tolerance between the sexes have been demonstrated [48], further studies are needed to
examine whether the combination therapy of BVA and VLX also induces the comparable analgesic
effect in female rodent models [49].

4. Conclusions

In summary, our results demonstrated that combination therapy containing 1.0 mg/kg of BVA and
40 mg/kg of VLX can relieve the cold and mechanical allodynia generated by multiple injections of
paclitaxel in mice. This combination strategy provided longer-lasting and additive analgesic action
than each monotherapy (BVA or VLX) at any dose, via spinal α2-adrenergic, 5-HT1/5-HT2, and 5-HT3

receptors. Thus, we suggest that co-treatment with BVA and VLX could be used as an alternative novel
therapeutic strategy for paclitaxel-induced peripheral neuropathy.

5. Materials and Methods

5.1. Animals

Six-week-old male C57BL/6j mice (18–20 g at the time of purchase; Daehan Biolink, Chungbuk,
Korea) were bred four per colony cage on sawdust bedding with unrestricted access to water and
food under controlled room temperature at 23 ± 2 ◦C. Artificial lighting was maintained on a constant
12-h light-dark cycle (light cycle: 7 AM to 7 PM). Animals were accustomed to the behavioral testing
circumstances with handling procedures performed by the same experimenter 1 week before the
beginning of the experiments. The animal experimental protocols were approved by the Kyung Hee
University Animal Care and Use Committee (KHUASP (SE) 19-011; approved 18 January 2019).

5.2. Assessment of Allodynia Behavior

Mice were enclosed beneath an inverted clear plastic cage (12 × 8 × 6 cm) atop a metal mesh floor
and allowed to acclimate for 30 min, followed by behavioral assessments. The raters were blinded to
the drug administrations.

To measure cold allodynia, brisk reactions of the hind paw in response to acetone stimuli were
monitored [16,50]. Ten microliters of acetone (Reagents Chemical Ltd., Gyonggi-do, Korea) was applied
to the ventral skin on each side three times 10 min apart, and then the frequencies of brisk shaking and
licking of the hind paws were monitored for 30 s.

To quantify mechanical allodynia, rapid withdrawals of the hind paw induced by von Frey
filament application were estimated [16,50]. A von Frey hair stimulus (bending force: 0.4 g; Linton
Instrumentation, Norfolk, UK) was applied once every 10 s vertically at the mid-area of the plantar
skin on each side ten times, until the filament bent. Brisk withdrawal numbers from both sides were
monitored, and then calculated as a total percentage response.
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5.3. Paclitaxel Infusion Protocol

Paclitaxel-induced allodynia was established using four i.p. infusions on alternating days (days
0, 2, 4, and 6) with a final dosage of 8 mg/kg (2 mg/kg/day; Sigma) [2]. An equivalent volume of
vehicle (100% ethanol: Cremophor EL: PBS, 1:1:58) was given to control mice using the same infusion
method [12].

5.4. BVA, Venlafaxine, and Combination Therapy

Bee venom (BV; Jayeonsaeng TJ, Kyeonggi-Do, Korea) was dissolved in PBS (20 µL) [12], and then
the different dosages of BV (0.25, 1.0, and 2.5 mg/kg) and vehicle were subcutaneously injected on ST36
(Zusanli acupoint) of the right hind limb located on the anterior tibial muscle area or the neck, one
different body area [16].

Venlafaxine (VLX; Sigma, St. Louis, USA) was dissolved in normal saline (NS) at three different
concentrations (1, 4, and 6 mg/mL) and was i.p. administered at dosages of 10, 40, or 60 mg/kg,
respectively [23]. The vehicle group received the same volume of NS.

In the subsequent combination therapy study, the mice showing allodynic behaviors were
administered BVA and VLX simultaneously, each given at an intermediate dosage (i.e., 1.0 mg/kg; s.c.
and 40 mg/kg; i.p., respectively).

5.5. Spinal Antagonist Administration

To examine the spinal mechanisms of the efficacy of the combination therapy (BVA + VLX),
the mice in a neuropathic state were arbitrarily assigned to one of six groups: (i) NS; (ii) dimethyl
sulfoxide (DMSO; Sigma, St. Louis, USA); (iii) prazosin (α1-AR, 10 µg; Sigma, St. Louis, USA);
(iv) idazoxan (α2-AR, 10 µg; Sigma, St. Louis, USA); (v) methysergide (5-HT1 and 5-HT2 receptor,
10 µg; Tocris); or (vi) MDL-72222 (5-HT3 receptor, 15 µg; Tocris). The dosages of antagonists were
determined according to previously published protocols [23,43,51]. MDL-72222 was dissolved in
20% DMSO [51], and other antagonists were dissolved in NS. Antagonists or vehicles (5 µL) were
administered i.t. 20 min prior to combination treatment. Briefly, in a prone position, the allodynic mice
were subjected to inhalation anesthesia with isoflurane 2–2.5% in a mixture of oxygen and nitrous oxide
(volume 1:1) [23]. Then, a Hamilton syringe needle (10 µL; Hamilton Co., Reno, city, NEV, USA) was
inserted vertically into the subarachnoid space (L5–L6), followed by i.t. administration as previously
described [52].

5.6. Statistics

Statistical analysis was conducted using Prism 7.0 (GraphPad software, La Jolla, CA, USA). All
data are presented as mean ± S.E.M, and p < 0.05 was considered significant. Two-way ANOVA
followed by Bonferroni’s multiple comparison test was used for statistical analysis.
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